High-Pressure Torsion Deformation Induced Phase Transformations and
  Formations: New Material Combinations and Advanced Properties by Bachmaier, Andrea & Pippan, Reinhard
1 
 
H i g h - p r e s s u r e  t o r s i o n  d e f o r m a t i o n  i n d u c e d  
p h a s e  t r a n s f o r m a t i o n s  a n d  f o r m a t i o n s :  n e w  
m a t e r i a l  c o m b i n a t i o n s  a n d  a d v a n c e d  
p r o p e r t i e s   
 
A n d r e a  B a c h m a i e r *  a n d  R e i n h a r d  P i p p a n   
E r i c h  S c h m i d  I n s t i t u t e  o f  M a t e r i a l s  S c i e n c e ,  A u s t r i a n  A c a d e m y  o f  
S c i e n c e s ,  J a h n s t r a s s e  1 2 ,  8 7 0 0  L e o b e n ,  A u s t r i a   
* C o r r e s p o n d i n g  a u t h o r ,  E - m a i l :  a n d r e a . b a c h m a i e r @ o e a w. a c . a t  
 
Abstract   
 Heavy p la s t ic  shea r  deforma t ion  a t  re la t ive ly low homologous  t empera tu res  
i s  c a l l ed  h igh -p res su re  to rs ion  (HPT )  defo rma t ion ,  wh ich  i s  one  me thod  o f  
seve re  p la s t ic  de fo rma t ion  (SPD) .  The  a im o f  the  pape r  i s  to  g ive  an  ove rv iew  
of  a  new p roces s ing  app roach  wh ich  pe rmi t s  the  genera t ion  of  innova t ive  
me tas t ab le  ma ter i a ls  and  nove l  nanocomposi te s  b y HPT de fo rma t ion .  Sta r t ing  
ma te r i a ls  c an  be  e i the r  coar se -gra ined  mul t i -phase  a l loys ,  a  mix tu re  o f  d i ffe ren t  
e l emen ta l  powder s  o r  an y o the r  combina t ion  o f  mul t iphase  so l id  s t a r t ing  
ma ter i a ls .  A f te r  HPT proces s ing ,  the  ach ievab le  mic ros t ruc tu re s  a re  s imi l a r  t o  
the  ones  gene ra ted  b y mecha n ica l  a l loying .  Neve r the le ss ,  one  advan tage  o f  the  
HPT p rocess  i s  tha t  bu lk  samp les  o f  the  d i ff e ren t  t ypes  o f  me tas t ab le  ma te r ia l s  
and  nanocompos i te s  a re  ob ta ined  d i r ec t ly  dur ing  HPT de fo rma t ion .  I t  w i l l  be  
shown tha t  d i ffe ren t  ma ter i a l  combina t ions  can  be  se l ec ted  and  ma ter i a ls  wi th  
ta i lo red  prope r t i es ,  o r  in  o ther  words ,  ma ter i a ls  de s igned  for  spec i f ic  
app l ica t ions  and  the  thus  requ i red  proper t i es ,  can  be  syn thes ized .  Areas  o f  
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app l ica t ion  for  the se  new ma te r ia l s  range  f rom hyd rogen  s to rage  to  ma ter i a ls  
re s is t an t  to  ha r sh  r ad ia t ion  env i ronmen ts .  
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1 .  In t roduct ion  
In  1935 ,  P.  B r idgman in t roduced  a  p rocess ing  me thod ,  in  wh ich  d i sc -shaped  
samp les  a re  heav i ly  shea r  de fo rmed  be tween  two anvi l s  a t  re la t ive ly low 
homologous  t empera tures  unde r  a  h igh  hydros ta t i c  p res su re  [1 ] .  B r idgman 
a l r ead y app l ied  th i s  innova t ive  me thod  to  many d i ff e r en t  k inds  o f  mate r i a l s  and  
compounds  –  an  ex tens ive  r ev iew ove r  th is  e a r ly  per iod  can  be  found  in  re f .  [2 ] .  
In  the  la t e  1980s ,  t he  me thod  was  named ‘h igh -pre ssure  to rs ion’ (HPT)  [ 3 ]  and  
rap id ly ga ined  g round  as  a  sc i en t i f i c  too l  to  ob ta in  a  b road  range  of  u l t r a f ine  
g ra ined  (U FG ) or  nanoc rys t a l l ine  (NC )  meta ls  and  a l lo ys  wi th  ou t s tand ing  
mechan ica l  p roper t i es  [4–6 ] .  One  ma jor  advantage  of  HPT p roces sed  ma ter i a ls  
i s ,  fo r  example ,  the i r  u l t ra -h igh  s t r eng th .  E ven  s ing le -phase  ma te r ia l s  a ch ieve  
sma l l  g ra in  s i ze s  o f  few 100  nm ,  wh ich  i s  a ccompan ied  b y an  improvemen t  in  
mechan ica l  p rope r t ie s  keep ing  a l l  the i r  o the r  bene f ic ia l  p rope r t ie s .  
HPT i s ,  howeve r,  no t  on ly a  we l l -e s tab l i shed  techn ique  to  ach ieve  g ra in  
re f inemen t ,  bu t  a lso  to  induce  va r ious  phase  t r ans fo r ma t ions  [7 ,8 ] .  HPT 
de fo rma t ion  can  c ause  d i s so lu t ion  o f  phases  [7 ,8 ] ,  d i so rde r ing  o f  o rde red  phases  
[9 ]  a s  we l l  a s  amorph iza t ion  of  c r ys t a l l i ne  phases  [10 ]  o r  c rys t a l l iz a t ion  o f  
nanoc rys t a l s  i n  the  amorphous  ma t r ices  [11 ] .  I t  fu r the r  enab le s  the  syn thes is  o f  
me tas t ab le  phases  ( e . g .  low- tempera tu re ,  h igh - t empera tu re  o r  h igh -p re ssure  
a l lo t rop ic  mod i f ica t ions  [12–18]) .  A dd i t iona l ly,  phase  fo rma t ions  
( super sa tu ra ted  so l id  so lu t ions )  o r  phase  separa t ion s  du r ing  shea r  de fo rma t ion  
a re  r epo r ted  [19–23] .  Depend ing  o n  the  amoun t  and  type  o f  the  d i ffe ren t  
mu tua l ly  i mmisc ib le  componen t s ,  e i ther  NC  super sa tura ted  a l loys  o r  
nanocompos i t es  wi th  pa r t ia l  supe rsa tu ra t ion ,  no t  p roduc ib le  by c l as s ica l  
me ta l lu rg ica l  ways ,  c an  be  syn thes ized .   
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In  gene ra l ,  t he  HPT-p rocessed  mic ros t ruc ture s  a r e  s imi l a r  t o  the  ones  
genera ted  by mechan ica l  a l lo ying .  The  p roduc t  o f  HPT is ,  howeve r,  a  bu lk  
ma ter i a l  w i th  a  we l l -def ined  compos i t ion .  T he  s t a r t ing  ma te r ia l s  can  be  ve ry  
d ive r se ,  l i ke  coa r se -g ra ined  mu l t i -phase  a l loys ,  a  mix tu re  o f  powders  o r  any  
o the r  combina t ion  o f  so l id  s ta r t ing  ma te r i a ls .  B y u s ing  powder s ,  a  wid er  range  
of  compos i t ions  becomes  poss ib le  s ince  conven t iona l  ca s t ing  i s  o f t en  
prob lema t i c  due  to  l a rge  misc ib i l i t y  gaps  in  the  u sed  s ys t ems .  Al though  the  HPT 
proces s ing  me thod  has  a l ready been  succes s fu l l y  app l i ed  to  d i ffe r en t  sys t ems ,  
the  de ta i l ed  p roces s e s  to  exp la in  s t ra in - induced  mechan ica l  mix ing ,  me ta s tab le  
phase  fo rma t ions ,  amorph iza t ion  o r  c rys t a l l iz a t ion  have  no t  been  en t i re l y 
c l a r i f i ed  un t i l  now.  N eve r the le ss ,  the re  i s  now in tense  ac t iv i t ie s  in  the  HPT 
communi ty  in  th is  r e sea rch  f ie ld .   
In  th i s  a r t i c le ,  an  ove rv iew on  s tud ie s  ca r r i ed  ou t  dur ing  the  pas t  20  yea r s  
us ing  the  above -men t ioned  HPT induced  phase  t r ans fo rma t ions  and  forma t ions  
to  syn thes ize  bu lk  nove l  NC ma ter i a ls  i s  g iven .  T he  a r t i c l e  fu r the r  a ims  to  
h igh l igh t  ver y recen t  ach ievemen t s  and  new t rends  in  th is  a c t ive  and  deve lop ing  
re sea rch  f i e ld .  The  overv iew i s  d iv ided  in  the  fo l lowing  chap te rs :  Fi r s t ,  a  shor t  
rev iew on  de forma t ion - induced  phase  t r ansfo rma t ion  and  fo rma t ion  proces se s  i s  
g iven .  The  focus  o f  th i s  ove rv iew i s ,  howeve r,  on  the  p rope r t i e s  o f  the se  nove l  
ma ter i a ls  and  nanocompos i te s .  E xce l l en t  s t ruc tu ra l  p rope r t i e s ,  fo r  example  
the i r  h igh  s t reng th  and  mic ros t ruc tu ra l  s tab i l i t y  du r ing  e leva ted  t empera tu res ,  
make  the se  ma te r ia l s  i dea l  c and ida te s  fo r  fabr ica t ion  o f  min ia tu r i zed  dev ices ,  
i . e .  mic roe lec t romechanica l  s ys t ems.  Add i t iona l ly,  HPT proces s ing  i s  u sed  as  an  
innova t ive  so l id -s t a te  rou te  fo r  the  s yn the t i za t ion  of  NC ma te r i a ls  wi th  t a i lo red 
phys ica l  p rope r t i es ,  i . e .  fo r  so l id -s t a te  hyd rogen  s to rage  o r  r ad ia t ion  to le ran t  
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behavio r.  Fina l l y,  r ecen t  t rends  o f  c rea t ing  new ma te r ia l  combina t ions  -  bu lk  
me ta l l i c  g la s s  compos i te s  o r  h igh -en t ropy a l lo ys  ob ta ined  f rom powders  -  a s  
we l l  a s  the  u se  o f  innova t ive  s ta r t ing  ma te r ia l s  -  coa ted  or  ga s  a tomi zed  powder s  
-  fo r  homogeneous  HPT induced  mechan ica l  a l loying  and  an  acce le ra t ion  o f  the  
de fo rma t ion - induced  mix ing  p roces s ,  a re  d i scussed .   
 
2.  Phase  t ransformations and  format ions dur ing HPT processing  
Dur ing  HPT de fo rma t ion ,  a  d i sc  shaped  s amp le  i s  pu t  be tween  two anvi l s ,  
wh ich  bo th  have  a  cyl indr i ca l  cav i t y  wi th  a  dep th  somewha t  sma l le r  than  the  
th i ckness  o f  the  spec imen .  I f  powder  mix tures  a re  u sed  a s  s ta r t ing  ma ter i a l ,  t he  
powder s  can  be  e i ther  f i l led  d i r ec t ly  in to  th e  anv i l s  and  conso l ida ted  in  the  HPT 
too l  o r  they can  be  hydros ta t i ca l ly  p re -compac ted  in  a i r  o r  i n  ine r t  a tmosphere  
to  avo id  con tamina t ion .  Dur ing  de fo rma t ion ,  o ne  of  the  HPT anvi l s  i s  f ixed ,  
whereas  the  o ther  one  ro t a te s .  Typ ica l l y,  a  p res su re  o f  s eve ra l  G Pa  i s  app l i ed  
dur ing  the  defo rma t ion  p rocess .  T he  samp le  i s  i dea l ly  de fo rmed b y s imp le  shea r.  
I f  th i s  i s  t he  ca se ,  the  var ious  in i t ia l  phases  in  a  b ina ry o r  mu l t ip l e -phase  sys t em 
are  e longa ted  in  shear  d i rec t ion  and  the i r  t h i cknesse s  a re  con t inuous ly r ed uced .  
To  ob ta in  a  s a tu ra t ion  o r  s t eady s t a te  in  a  mu l t iphase  sys t em,  th i s  means  tha t  
there  i s  no  fu r ther  change  in  the  mic ros t ruc tura l  f ea tu res  o f  the  samp le  du r ing  
on -go ing  HPT de fo rmat ion ,  t he  app l i ed  shea r  s t ra in  ha s  to  be  su ff ic i en t  to  
dec rea se  the  th i cknesses  o f  the  shea red  phases  to  the  nanome te r  l eve l .  St a r t ing  
wi th  a  mu l t iphase  s ys t em wi th  in i t ia l  phase  s ize s  o f  50  µ m,  the  app l i ed  shear  
s t r a in  shou ld  be  a t  l e as t  50 ,000  to  ach ieve  a  s teady s t a te  in  the  case  o f  idea l  
co -de fo rma t ion .  I f  the  componen ts  a r e  immi sc ib le ,  nanos t ruc tured  compos i t es  
can  be  s yn thes i zed  b y  th is  way.  In  r ea l i t y,  i dea l  shea r  and  co -de forma t ion  o f  
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phases  does  ha rd ly eve r  occu r.  Ve ry o f t en  f r agmen ta t ion  o f  one  phase  and  
loca l iza t ion  o f  the  shear  de fo rma t ion  occur.  I f  an  inhomogeneou s  de fo rma t ion  
takes  p lace ,  t he  app l i ed  shear  s t r a in  can  be  even  h ighe r,  bu t  unde r  ce r ta in  
condi t ions  i t  can  be  sma l le r  too  [24 ] .  
Fu r the rmore ,  amorph iza t ion  proces se s  and  the  fo rma t ion  o f  me ta s tab le  so l id  
so lu t ion  phases  (mechan ica l  a l lo ying )  a r e  compe t ing  p roces se s  i f  t he  re spec t ive  
phase  s i ze s  reaches  the  nanome te r  leve l .  Fo r  the  obse rved  mechan ica l  a l loying  
proces se s ,  d i ffe ren t  mechan isms  invo lv ing  d is loca t ions  o r  enhanced  a tomic  
mob i l i t y  due  to  po in t  de fec t s  have  been  proposed  [25–29] .  In  these  s tud ies ,  
mechan ica l  a l loying  i s  t rea ted  as  a  phenomenon obse rved  in  non -equ i l ib r ium 
proces s ing  in  gene ra l  and  the  p roposed  mechan i sm a re  no t  r es t r ic ted  to  occu r  
so le l y  du r ing  HPT deforma t ion ,  bu t  du r ing  a l l  o ther  SPD p roces se s ,  w ir e  
d rawing  and  ba l l  mi l l ing .  In  [30] ,  i t  i s  p roposed  tha t  dur ing  SPD deforma t ion  a  
thermodynamic  dr iv ing  force  fo r  d is so lu t ion  can  be  ob ta ined ,  i f  the  phase  s ize  
can  be  dec rea sed  to  the  nanome te r  l eve l .  Mechan ica l  mix ing  i s  t hen  ach ieved  by  
d i spe rs ing  the  d is so lved  a toms  in  the  a l lo y ma t r ix .  Ve l t l  e t  a l .  [31]  d i scussed  
tha t  the  ene rg y s to red  in  the  g ra in  bounda r ie s  o f  NC ma te r ia l s  might  be  ano the r  
poss ib le  so l id  so lu t ion  fo rma t ion  d r iv ing  fo rce .  In  [32 ] ,  a  cap i l la ry  p re s su re  i s  
sugges ted  a s  d r iv ing  force  fo r  phase  d i s so lu t ion  and  mechan ic a l  a l loying .  Nex t  
a r e  p la s t i c i ty -d r iven  mechan i sm:  in  the  k ine t i c  roughen ing  mode l  o f  Be l lon  and  
Ave rback  [33 ] ,  a toms a re  sugges ted  to  be  sh i f ted  acros s  phase  b ounda r ie s .  B y  
the  shea r  o f  a tomic  g l ide  p l anes  du r ing  de fo rma t ion ,  t he  phase  boundar i es  a re  
increa s ing ly  roughened  l ead ing  to  comple te  chemica l  mix ing  o f  mu l t iphase  
sys t em.  A s imi l a r  mechan ism  i s  d i scussed  fo r  cement i t e  d i sso lu t ion  du r ing  
de fo rma t ion  of  pear l i t i c  s tee l s  [34 ]  and  in  the  d i s loca t ion  shu ff le  me chan ism  a s  
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proposed  in  [35] .  In  [36 ]  i t  was  fu r the r  shown tha t  t he  homogene i ty  o f  the  
de fo rma t ion  proces s  s t rong ly in f luences  the  deg ree  o f  supe r sa tura t ion  and  the  
mix ing  mechan i sm migh t  fu r the r  depend  on  the  dominan t  de fo rma t ion  behavio r.  
The  syn thes i s  o f  me ta s tab le  phases  du r ing  SPD de forma t ion  i s  f u r ther  
exp la ined  by the  e ffec t ive  tempera tu re  mode l  in  l i t e r a tu re  [37] ,  wh ich  was  
or ig ina l ly  deve loped  for  ma te r i a l s  unde r  i r rad ia t ion .  Dur ing  SPD,  the  ma te r i a l  
i s  d r iven  in to  a  s t a te  equ iva len t  t o  a  s t a t e  a t  a  spec i f ic  increa sed  (e ff ec t ive )  
tempera tu re  by the  app l ied  heavy defo rma t ion .  T hus ,  me tas tab le  phase  
fo rma t ions  can  occu r  in  ma te r ia l s  du r ing  SP D de fo rma t ion .  
A tomis t i c  mix ing  be tween  d i ff e ren t  me ta l s  to  fo r m supe rsa tu ra t ed  so l id  
so lu t ions ,  wh ich  a re  the rmodynamica l l y  uns tab le  and  f ina l l y  t ransfo rm  to  an  
amorphous  phase  has  a l read y been  r epor t ed  in  re f .  [ 38 ,39 ] .  T he  so l id  s ta t e  
amorph iza t ion  p rocess  depend  on l y on  the  degree  of  in tense  p la s t ic  de fo rma t ion  
and  can  be  accompl i shed  wi th in  a  much  wider  compos i t ion  r ange  compared  to  
the  f requen t ly  u sed  so l id i f ica t ion  rou te  [39] .  A morphiza t ion  dur ing  HPT 
de fo rma t ion  has  been  obse rved  in  b ina ry sys tems  wi th  a  nega t ive  hea t  o f  mix ing  
[40 –43] ,  bu t  i s  no t  expec ted  to  occu r  in  sys t ems  wi th  a  pos i t ive  hea t  o f  mix ing  
[38 ] .  I f  a l loys  wi th  g l as s  fo rming  tendency a re  H PT defo rmed ,  un i fo rml y s ized  
nanoc rys t a l s  might  a l so  fo rm in  the  amorphous  ma tr ix  [38] .   
 
3.  Structura l  and  funct ional  proper t ies  of  HPT processed mater ial s  
The c rea t ion  o f  nove l  HPT proces sed  ma te r i a l s  repre sen t s  a  p romis ing  pa thway 
fo r  ob ta in ing  ma ter i a l s  wi th  ex t r ao rd ina ry  mechan ica l  and  phys ica l  p rope r t ie s .  
Fo r  s t ruc tu ra l  app l i ca t ions ,  mechan ica l  p roper t ie s  l i ke  h igh  s t reng th  combined  
wi th  duc t i l i t y  a re  o f t en  expec ted .  Fur the rmore ,  mic ros t ruc tu ra l  s t ab i l i t y  du r ing 
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enhanced  t empera ture s  i s  use fu l .  These  p rope r t ie s  a re  a l so  impor tan t  fo r  
ma ter i a ls  wi th  in t e r es t ing  ph ys ica l  p rope r t ie s  –  i . e .  magnet i c ,  e lec t r i c ,  rad ia t ion  
re s is t an t  -  fo r  func t iona l  app l i ca t ions .  Near ly  a l l  ma te r i a ls  d i scussed  in  the  
fo l lowing  sec t ion  show exce l len t  mechan ica l  p rope r t ie s ,  whi ch  wi l l  no t  be 
sepa ra t e l y  d i scussed  in  th i s  a r t ic l e .  Spec ia l  a t t en t ion  i s  in s tead  g iven  on  f i r s t  
inves t iga t ion  re su l t s  o f  s e lec ted  ph ys ica l  p rope r t ie s .  A dd i t iona l l y,  t he  
thermos tab i l i t y  o f  the  d i ff e r en t  HPT p rocessed  ma te r i a l s  i s  add re s sed  b r ie f l y.   
 
3.1  Thermal  s tabi l i ty  
The the rma l  s tab i l i t y  o f  NC  super sa tu ra ted  so l id  so lu t ions ,  i r re spec t ive  o f  
whe the r  s ing le  phase  or  mu l t i -phase  a f te r  H PT de forma t ion ,  ha s  been  found  to  
be  s ign i f i can t l y  h ighe r  than  expec ted  fo r  N C ma te r ia l s  [38 ] .  A t  low annea l ing  
tempera tu res ,  decompos i t ion  o r  phase  sepa ra t ion  i s  t he rmod ynami ca l ly  f avo red  
[38 ] .  Thus ,  NC compos i te  ma te r i a l s  can  be  syn thes i zed  by phase  sepa ra t ion  
dur ing  annea l ing  be fo re  g ra in  g rowth  se t  i n .  In  such  a  mic ros t ruc tu re  wi th  
i so la t ed  gra in s  o f  each  phase ,  wh ich  a re  fu r ther  immisc ib le  in  each  o the r,  g r a in  
g rowth  b y bounda ry mig ra t ion  can  be  impeded .  Th is  g ra in  g rowth  r e ta rd ing  
e ff ec t  i s  a l r ead y long  known and  a l so  used  in  coar se -gra ined  ma te r ia l s ,  i . e .  in  
commerc ia l  dua l  phase  s tee ls ,  wh ich  cons is t  o f  mar tens i t e  i s lands  in  a  fe r r i te  
ma t r ix  wi th  phase  ra t io  o f  4 :1 .   
HPT processed  Cu -based  me ta s tab le  a l lo ys  f rom immisc ib le  phase  
cons t i tuen ts  have  been  ex tens ive ly s tud ied  fo r  the i r  enhanced  mi cros t ruc tu ra l  
s tab i l i t y  and  s t reng th .  Inves t iga ted  s ys t ems  inc lude  Cu-Cr  [19 , 44–46] ,  C u -W 
[47 ,48] ,  Cu -Fe  [46 ,49 ] ,  C u -C o [50 ,51]  and  Cu -Ta  [52 ] .  The  the rmos tab i l i t y  o f  
HPT deformed Cu -C r  a l lo ys  was  examined  in  seve ra l  s tud ie s  [19 ,44 –46] .  In  [19 ] ,  
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a  bu lk ,  coar se  g ra ined  Cu–Cr  composi t e  (43wt .% C r,  57  wt% Cu )  was  p roces sed  
by HPT.  In  the  as -de fo rmed ma te r ia l ,  a  g ra in  s i ze  o f  on l y 20  nm and  the  
fo rma t ion  o f  a  de fo rma t ion - induced  Cu  supe rsa tu ra t ed  so l id  so lu t ions  we re  
obse rved .  Annea l ing  a t  450°C  fo r  30  min  re su l t ed  in  decomposi t ion  and  the  
fo rma t ion  of  a  s t ab le  Cu -Cr  nanocompos i t e  ma ter i a l  w i th  an  even  enhanced  
ha rdness  co mpared  to  the  as -de fo rmed  s t a t e .  The  same  HPT de formed C u -C r  
ma ter i a l  was  la t e r  inves t iga ted  in  [44 ,45] .  The  examina t ion  of  the  
mic ros t ruc tura l  evo lu t ion  dur ing  HPT de fo rmat ion  and  subsequen t  annea l ing  by  
ene rgy-d i sper s ive  synch ro t ron  d i ff r ac t ion  was  the  focus  in  r e f .  [44 ] .  I t  cou ld  be  
shown tha t  s t ruc tu ra l  re l axa t ion  induced  by  phase  sepa ra t ion  du r ing  annea l ing  
and  l imi t a t ions  in  ac t iva t ing  d i s loca t ion  sou rces  in  the  annea led  ma ter i a l  a re  
ma in l y re spons ib le  fo r  the  obse rved  enhanced  ha rdness  even  though  the  doma in  
(g ra in)  s i ze  increa se s  s l igh t l y  du r ing  annea l ing .  In  [45 ] ,  the  the rma l  s tab i l i t y  on  
the  a tomic  sca le  was  fu r the r  inves t iga ted  in -s i tu  by  spher i ca l  
abe r ra t ion -co r rec ted  t ransmis s ion  e l ec t ron  mic roscopy  (T EM).  I t  was  shown 
tha t  decompos i t ion  i s  a ccompanied  b y a  decrea se  o f  the  ave rage  in t e r face  wid th  
a l though  g ra in  g rowth  i s  no t  ye t  obse rved .   
In  [47 ,48] ,  a  bu lk ,  coar se -g ra ined  W-25% C u a l loy was  deformed  by  HPT a t  
room tempera tu re  ( RT )  r e su l t ing  in  the  fo rmat ion  o f  a  dua l  phase  NC s t ruc tu re  
wi th  pa r t i a l  so l id  so lu t ion  forma t ion .  A f te r  de fo rma t ion ,  the  mate r i a l  was  
annea led  a t  d i ff e ren t  t empera tu res .  Up  to  500°C,  no  g ra in  g rowth  was  observed .  
Af te r  annea l ing  a t  720°C,  l imi t ed  g ra in  g rowth  up  to  50  nm and  comple te  p hase  
sepa ra t ion  took  p lace .  The  ob ta ined  gra in  s i ze  in  the  nanocompos i t e  a f t e r  
annea l ing  was  s ign i f i can t ly  lower  compared  to  the  undeformed W-Cu ma te r ia l .   
Stacks  o f  C u  and  Ta  fo i l s  were  HPT de fo rmed in  [52 ]  to  ob ta in  a  h igh  amoun t  
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of  mechan ica l  mix ing  in  the  immisc ib le  C u 5 0 Ta 5 0  sys t em.  A f te r  HPT de fo rma t ion ,  
the  mic ros t ruc ture  cons i s t ed  o f  a  Cu -16a t%Ta so l id  so lu t ion ,  Ta - r ich  NC 
pa r t i c le s  and  pu re  Ta  g ra in s .  Th i s  mic ros t ruc ture  was  the rma l l y  s tab le  e ven  a f te r  
annea l ing  a t  1000°C .  A f ine  s t ruc tu re  was  re ta i ned ,  wh ich  was  a t t r ibu ted  to  the  
Cu-Ta  so l id  so lu t ion  and  the  NC Ta  pa r t ic l es  h inder ing  gra in  boundar y mo t ion .  
In s tead  o f  bu lk  dua l -phase  ma ter i a ls ,  Cu -Fe  and  C u -C o powder  mix tu re s  wi th  
d i ff e r en t  in i t i a l  comp os i t ion  were  HPT de fo rmed in  [20 ,46 ,50 ,51] .  In  the  HPT 
de fo rmed  Cu -Fe  ma te r ia l ,  e i ther  comple te  so l id  so lu t ions  o f  Cu  in  Fe  and  Fe  in  
Cu  ( for  low C u or  Fe  con ten ts )  o r  dua l  phase  NC compos i te  wi th  pa r t ia l  
supe rsa tu ra t ion  were  ob ta ined .  A h igh  the rma l  s t ab i l i t y  was  observed  in  a l l  
de fo rmed  Cu -Fe  ma te r ia l s .  In  [46 ] ,  the  s t ruc tura l  evo lu t ion  du r ing  annea l ing  of  
a  HPT deformed C u-r i ch  s ing le  phase  so l id  so lu t ion  was  inves t iga ted  in  de ta i l  
by in -s i tu  annea l ing  in  the  TE M and  a tom p robe  tomography (APT)  
inves t iga t ions .  B e fo re  de fo rma t ion ,  t he  Fe -Cu powder  mix tu re s  used  in  [46 ]  
we re  compac ted  in  a i r.  Thus ,  o x ygen  contamina t ion  inev i tab l y occu r red .  I t  was  
shown tha t  ox ide  fo rmat ion  du r ing  subsequent  annea l ing  took  p lace  even  be fo re  
decompos i t ion  se t  in .  These  NC  ox ides  we re  ran doml y d i s t r ibu ted  and  
con t r ibu ted  to  the  h igh  therma l  s t ab i l i t y  in  the  ma ter i a l .   
A d i ff e r en t  phase  separa t ion  proces s  was  obse rved  in  super sa tu ra t ed  C u –Co 
so l id  so lu t ion  wi th  a  s l igh t ly  l a rge r  average  g ra in  s ize  (  ∼100  nm)  in  the  
as -defo rmed  cond i t ion  [51] .  In  the  f i r s t  s tages  o f  annea l ing ,  a  NC sca led  
sp inoda l - t ype  decompos i t ion  wa s  obse rved  in  the  g ra in  in te r io r .   A t  the  s ame 
t ime ,  pu re  a l te rna t ing  Co and  Cu reg ions  were  fo rmed nea r  g ra in  boundar y 
reg ions .  A t  h igher  annea l ing  tempera tu res ,  an  U FG mic ros t ruc tu re  cons is t ing  o f  
Cu  and  Co  was  fo rmed.  Once  phase  separa t ion  was  f in i shed  and  the  f ina l  
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mic ros t ruc tures  we re  fo rmed ,  they were  s tab le  even  fo r  ve ry long  annea l ing  
t imes  o f  s evera l  days .  
In  summar y,  the  amoun t  o f  mechan ica l  mi x ing  and  the  ach ieved  sa tu ra t ion  
gra in  s ize  dur ing  HPT proces s ing  d ic ta t e  the  subsequen t  s t ruc tura l  
con f igura t ion  o f  the  immisc ib le  phases  a f te r  annea l ing .  A h igh  micros t ruc tu ra l  
s tab i l i t y  i s  a ch ieved  in  a l l  s tud ie s .  I f  powder  mix tu re s  wi thou t  p ro tec t ing  
a tmosphe re  a r e  used  as  s t a r t ing  ma te r ia l s ,  ox ygen  contamina t ion  and  ox ide  
fo rma t ion  canno t  be  exc luded .  Ox ide  fo rma t ion ,  howeve r,  fu r ther  con t r ibu te s  to  
an  enhanced  the rma l  s tab i l i t y  o f  the  HPT proces sed  ma te r i a l s .  
 
3.2 Magnet ic  proper t ies  
The  p r imary mo t iva t ion  fo r  the  inves t iga t ion  of  NC  magne t i c  ma te r i a l s  re su l t s  
f rom the  d rama t ic  change  in  the i r  hys t e re s i s  p rope r t i e s  induced  by the  sma l l  
g ra in  s ize .  Fi r s t  s tud ie s  o f  magne t ic  charac te r i s t i cs  o f  HPT p roces sed  ma ter i a ls  
we re  the re fo re  conduc ted  on  s ing le  phase  NC  Cu  and  Co  [53 ,54 ] .  Nowadays ,  t he  
magne t i c  p roper t i es  o f  me ta s tab le  ma te r ia l s  s yn thes i zed  by HPT de fo rma t ion  
a re  s tud ied  a s  wel l .  Ta i lo red  magne t i c  p rope r t ie s  can  be  ach ieved  by exp lo i t ing  
the  e ffec ts  o f  magne t i c  d i lu t ion  in  supe r sa tu ra t ed  so l id  so lu t ions  cons i s t ing  o f  
componen t s  wi th  d i ffe ren t  magne t i c  p rope r t i e s  (e .g .  f e r romagne t i c  and  
d iamagne t ic ) .  T he  magne t i c  p rope r t i es  o f  the  HPT p roces sed  me ta s tab le  
ma ter i a ls  c an  be  fu r the r  mod if i ed  by decompos i t ion  o f  the se  
de fo rma t ion - induced  so l id  so lu t ions  to  ach ieve  un ique  d i s t r ibu t ions  o f  
fe r romagne t i c  and  d iamagne t i c  phases .   
In  re f .  [55 ,56 ] ,  the  s i ze  and  d i s t r ibu t ion  of  Co  and  Fe  pa r t ic l es  in  Cu  based  
a l loys  we re  tuned  by  HPT de fo rma t ion .  A f te r  app lying  up  to  10  ro ta t ions  
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(Cu‐22wt% Fe )  and  25  ro ta t ions  (Cu‐10wt% Co ) ,  the  fe r romagne t i c  Co  and  Fe  
phases  were  f ragmen ted  in to  a  s i ze  o f  ∼100  nm and  d i sso lu t ion  o f  some  Co  and  
Fe  in  the  C u  ma t r ix  a lso  took  p lace ,  bu t  no  comple te  s ing le  phase  so l id  so lu t ion  
was  ach ieved  up  to  the  ap p l ied  shea r  s t r a in  a t  room tempera ture .  The  coe rc ive  
fo rce  in  bo th  a l lo ys  increa se d  and  the  sa tu ra t ion  magne t i za t ion  decrea se d  wi th  
increa s ing  HPT s t ra in ,  before  bo th  va lues  reache d  sa tura t ion .  Enhanced  
magne tores i s tance  was  fu r the r  obse rved  (~2 .5% a t  77K and  ~0 .25% a t  RT fo r  the  
Cu-Co  a l loy) .  Hea t  t r ea tmen t  a t  723K fo r  1 -10h  led  to  a  fu r the r  increa se  o f  the  
measured  magne to re s i s tance  (~ 0 .38% a t  RT ) .  In  re f .  [ 57 ] ,  C u -C o  a l loys  wi th  
on ly a  sma l l  amoun t  o f  C o  (2 .2  wt% and  4 .9  wt% C o)  have  been  s tud ied .  T he  
coe rc iv i t y  a f te r  HPT-deforma t ion  was  ra the r  sma l l  fo r  the  Cu -2 .2wt%Co a l lo y,  
wh ich  fu r the r  show ed  supe rpa ramagne t ic  behavio r  because  of  C o  par t ic l e s  wi th  
a  s ize  be low the  f e r romagne t i c  l imi t  (<10nm) .  The  Cu -4 .9wt% Co  a l lo y show ed  
a  d i ff e r en t  behavio r  wi th  a  h igh  coe rc iv i ty  due  to  la rge r  Co  pa r t ic l es .   
Co -based  a l lo ys  wi th  low C u con ten t  have  a lso  been  inves t iga ted .  In  r e f .  [58] ,  
vacuum induc t ion  me l ted  Cu-Co  a l loys  (C o-5 .6  wt% C u  and  Co -13 .6  wt% C u )  
were  p rocessed  by HPT de forma t ion .  St rong  mic ros t ruc tura l  re f inemen t  in  the  
Co  phase  (100  nm g ra in  s i ze )  and  Cu  phase  (p rec ip i t a te  s i ze  o f  10  nm)  was  
obse rved .   As  a  re su l t ,  t he  coerc iv i ty  was  dras t i ca l ly  enhanced ,  wh i le  the  
sa tu ra t ion  magnet i za t ion  s t ayed  a lmos t  unchanged .  The  supe r sa tu ra t ed  C u-C o 
so l id  so lu t ion ,  wh ich  was  r epo r ted  to  be  p resen t  in  the  in i t i a l  s t a te  a f te r  
induc t ion  me l t ing ,  comple te ly  decomposed  du r ing  HPT de fo rmat ion  and  a  
mic ros t ruc ture  o f  a lmos t  pu re  Co  g ra ins  and  Cu prec ip i t a te s  was  ob ta ined .  
B inar y so l id  so lu t ions  in  th ree  d i ffe r en t  immisc ib le  sys t ems ,  cons is t ing  of  
fe r romagne t i c  ( e i the r  Co  o r  Fe )  and  d iamagnet i c  ( e i the r  Cu  o r  Ag)  componen t s ,  
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were  syn thes ized  b y HPT in  r e f .  [ 59 ,60 ] .  In  the  C o-C u a l lo ys  wi th  med ium 
compos i t ions ,  de fo rmat ion  induced  mix ing  o f  the  immisc ib le  e lemen ts  and  
s ing le  phase  fe r romagne t ic  FCC so l id  so lu t ions  we re  ob ta ined .  Wi th  inc rea s ing  
Co con ten t ,  mic ros t ruc ture s  wi th  sma l le r  g ra in  s i ze s  evo lved  as  revea led  by  
Transmis s ion  Kikuch i  Di ff rac t ion  (T KD)  ana l ys i s  (Fig .  1a ) .  A dd i t iona l l y,  t he  
coe rc iv i t y  decrea se d  wi th  decrea s ing  g ra in  s ize  (Fig .  1b ) ,  because  exchange  
coupl ing  o f  the  NC g ra in s  re su l t ed  in  r andomiza t ion  o f  the  an i so t ropy.  B y 
annea l ing  o r  HPT de fo rma t ion  a t  l ower  tempera tu res  ( l iqu id  n i t rogen  
tempera tu re ) ,  the  magne t ic  p rope r t ie s  o f  the  Co -Cu  a l loy wi th  low Co  con ten t  
we re  fu r ther  ta i lo red  [59 ] .  In  the  Fe -Cu  a l lo ys ,  on ly  samp le s  wi th  low 
Fe -con ten t  (<25wt .% )  cou ld  success fu l l y  be  de fo rmed by HPT.  Magne t ic  
measuremen t s  revea led  tha t  Fe  i s  c lus t e r ed ,  bu t  a lso  par t i a l ly  d i lu t ed  in  Cu .  
Thus ,  a  dua l  phase  s t ruc tu re  wi th  a  Cu -r i ch  so l id  so lu t ion  and  a  B CC Fe  phase  
fo rmed  a f te r  HPT p roces s ing .  Q u i t e  d i ffe ren t ly  behave d  the  Fe -Ag sys t em.  No 
de fo rma t ion - induced  mix ing  was  obse rved .  The  dua l  phase  s t ruc tu re  was  fu r the r  
con f i rmed  by magne t i c  measu remen t s ,  wh ich  d i sp la y ed  no  d i s to r t ion  o f  the  Fe  
magne t i c  momen t .  
A l loys  o f  the  R -Fe -B sys t em (R  =  Nd,  P r )  a r e  known a s  the  mos t  ou t s tand ing  
ha rd  magne t ic  ma te r ia l s  s ince  the i r  d iscove ry in  1980s .  P hase  t rans fo rma t ions  
and  me ta s tab le  phase  fo rma t ion  gene ra ted  dur ing  HPT defo rma t ion  hav e  a l so  
been  success fu l l y  u sed  in  th is  ma te r ia l  c l as s  wi th  the  ob jec t ive  to  enhance  the  
re su l t ing  magnet i c  p rope r t ie s .  A lr eady in  the  1990s ,  Sto l ya rov  e t  a l .  [61 ]  
inves t iga ted  the  e ff ec t  o f  HPT defo rma t ion  on  the  s t ruc tu re  and  phase  fo rma t ion 
in  a  P r 2 0 Fe 7 3 . 5 B 5 Cu 1 . 5  a l loy.  Bes ides  g ra in  r e f inemen t ,  wh ich  a l ready led  to  an  
increa se  o f  the  coe rc iv i t y,  non -equ i l ib r ium magne t i ca l ly  so f t  phases  a s  we l l  a s  
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an  amorphous  phase  ( f rom the  ma in  P r 2 Fe 1 4 B  phase )  we re  fo rmed  du r ing  
de fo rma t ion .  Annea l ing  a f t e r  de fo rma t ion  re s to red  the  in i t ia l  phases  and  the  
P r 2 Fe 1 4 B phase  c rys t a l l iz ed  wi th  a  g ra in  s i ze  o f  abou t  300  nm.  A h igh  coerc iv i ty  
o f  more  than  1600  kA /m  was  ach ieved ,  wh ich  i s  h ighe r  compared  to  s in te red  and  
ho t - ro l l ed  pe rmanent  magne t s  f rom the  same type  o f  a l loy.   
The  in f luence  o f  HPT de fo rma t ion  on  mic ros t ruc tu re ,  phase  compos i t ion  and  
coe rc iv i t y  o f  a s -cas t  sub - ,  supe r-  and  s to i ch iome t r i c  R 2 Fe 1 4 B (R  =  Nd,  P r ) -based  
a l loys  was  inves t iga ted  in  re f .  [62 ] .  G ra in  r e f inemen t  to  U FG s t ruc tu re s  and  
pa r t i a l  o r  comple te  decomp os i t ion  o f  the  R 2 Fe 1 4 B  phase  took  p lace  a f t e r  HPT 
proces s ing  in  a l l  i nves t iga ted  a l loys .  A t  the  same  t ime ,  a  me ta s tab le  phase  –  a  
BCC Fe -based  so l id  so lu t ion  r ich  in  R -a toms  -  fo rmed .  The  vo lume  f rac t ion  of  
th i s  me ta s tab le  phase  inc rea sed  wi th  inc rea s ing  Fe  con ten t  and  was  thus  
dependen t  on  the  in i t i a l  a l loy compos i t ions .  Annea l ing  a f te r  HPT de fo rma t ion  
re su l t ed  in  comple te  o r  par t i a l  r es to ra t ion  of  the  in i t ia l  phase s ,  whereb y the  
supe r-s to i ch iome tr i c  P r-based  a l lo y showed  the  h ighes t  coe rc iv i t y.   
Mic ros t ruc tu re  and  magne t i c  p rope r t ie s  o f  d i ff e r en t  as -ca s t  and  a s -ca s t  p lus  
subsequen t ly  homogen ized  R –Fe–B a l loys  were  s tud ied  a f t e r  HPT de fo rma t ion  
in  re f . [61 ,63 ] .  HPT de fo rma t ion  l ed  to  fo rma t ion  of  U FG  s t ruc tu re s  and  even  to  
the  fo rma t ion  o f  an  amorphous  s t ruc tu re  a t  ex t r eme ly l a rge  s t ra in s .  In  the  
de fo rmed a s -ca s t  a l loys  wi thou t  homogeniza t ion  t rea tmen t  before  HPT 
de fo rma t ion ,  t he  c rys ta l l i ne  α -Fe  phase  was  add i t iona l l y  p resen t .  Annea l ing  
re su l t ed  in  c r ys t a l l iza t ion  o f  the  amorphous  phase  and  the  fo rma t ion  of  s t ab le  
magne t i c  phases .  T he  mic ros t ruc ture  cons is t ed  ma in l y o f  P r- r ich  and  P r 2 Fe 1 4 B  
phases  in  bo th  a l loys ,  wh ich  imp l i es  tha t  α -Fe  r eac ts  wi th  the  excess  P r  and  
t rans fo rms  to  the  P r 2 Fe 1 4 B phase .  A coe rc iv i ty  o f  2232  kA/m was  ob ta ined  for  
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the  P r–Fe–B a l lo y,  wh ich  was  homogen ized  before  deforma t ion ,  and  1674  kA /m 
fo r  the  a l lo y,  wh ich  was  de fo rmed  in  the  as -ca s t  cond i t ion .  The  lower  coe rc iv i t y  
in  the  l a t te r  c ase  was  r e l a ted  to  a  sma l l  f r ac t ion  o f  r ema in ing  α -Fe  phase  in  the  
mic ros t ruc ture  a f t e r  annea l ing .   
In  re f . [64 ] ,  a  Nd– Fe –B -based  l iqu id -phase  s in t e red  a l loy ( compos i t ion  o f  66 .5  
wt% Fe ,  22 .1  wt% Nd,  9 .4  wt% D y,  1 .0  wt% C o,  0 .8  wt% B ,  0 .2  wt% Cu )  was  HPT 
de fo rmed  a t  RT.  The  s ta r t ing  a l lo y ma in ly cons i s t s  o f  a  Nd 2 Fe 1 4 B  phase .  A f te r  
de fo rma t ion ,  g ra in  re f inemen t  was  observed  and  two d i ffe ren t  amorphous  phases  
(Nd-r i ch  and  Fe - r i ch )  wi th  an  embedded  f e r romagne t ic  Nd 2 Fe 1 4 B  phase  were  
fo rmed .  A s imi l a r  a l loy ( Fe–12 .3  a t% Nd–7 .6  a t% B )  was  inves t iga ted  in  r e f .  
[65 ] .  In  con t ra s t  to  r e f .  [ 64 ] ,  an  a morphous  mat r ix  wi th  un i fo rm compos i t ion ,  i n  
wh ich  f e r romagne t ic  Nd 2 Fe 1 4 B  nanocr ys t a ls  were  embedded ,  fo rmed a f t e r  HPT 
de fo rma t ion  of  the  a s - ca s t  a l lo y.  To  exp la in  the  fo rma t ion  o f  non -equ i l ib r ium 
phases ,  the  au tho rs  a rgue ,  tha t  HPT deforma t ion  a t  RT migh t  be  equ iva len t  to  an  
annea l ing  t rea tmen t  a t  an  enhanced  t empera ture .   T he re fore ,  an  “e ff ec t ive”  
tempera tu re  can  be  de te rmined  a ccord ing  to  the  obse rved  phases  and  the i r  
compos i t ion  [37 ] .  T hus ,  the  “e ffec t ive ”  t empera tu re  du r ing  HPT de fo rma t ion  in  
bo th  inves t iga ted  NdFeB -based  a l lo ys  was  e s t ima ted  to  be  ~1140  °C  and  
~1170°C,  r espec t ive l y.  Magne t ic  p rope r t ie s  o f  the  HPT de fo rmed N dFeB -a l lo ys  
have  no t  been  measu red  ye t .  
HPT de fo rma t ion  can  a l so  e ff ec t  the  phase  evo lu t ion  p roce ss  o f  amorphous  
R -Fe -B -based  a l lo ys ,  wh ich  was  u sed  fo r  the  syn thes is  o f  ha rd  magne t ic  
nanocompos i t e s  b y HPT de fo rma t ion .  In  re f .  [66 ] ,  an  over  quenched ,  amorphous  
Nd 9 Fe 8 5 B 6  a l loy was  inves t iga ted .  Af te r  deforma t ion ,  decompos i t ion  o f  the  
amorphous  s t ruc tur e  and  p rec ip i ta t ion  of  nea r ly  40  wt% α -Fe  wi th  a  s ize  o f  abou t  
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10  nm was  obse rved .  The  α -Fe  prec ip i t a t es  se rved  as  nuc lea t ion  s i t es  fo r  
Nd 2 Fe 1 4 B  du r ing  a  hea t  t rea tmen t  a t  600°C .  Fina l l y,  a  un i fo rm and  f ine  NC 
s t ruc tu re  cons is t ing  of  α -Fe  and  Nd 2 Fe 1 4 B  g ra ins  was  ob ta ined .  Compared  to  the  
ove r-quenched  and  on ly annea led  re fe rence  a l lo y,  t he  coe rc iv i t y  and  remanence  
increa sed  b y 23% and  16% ,  re spec t ive l y.  The  e ffec t  o f  HPT on  phase  fo rma t ion  
and  magne t ic  p rope r t ie s  o f  an  amorphous  Nd 9 Fe 8 5 B 6  a l lo y was  a l so  s tud ied  in  r e f .  
[67 –69] .  P rec ip i ta t ion  o f  α -Fe  nanoc r ys t a l s ,  w i th  an  amoun t  ove r  40%,  occur red  
dur ing  de fo rma t ion .  I t  fu r the r  lowered  the  amoun t  o f  me ta s tab le  phases  fo rmed  
a f t e r  a  subsequen t  annea l ing  t r ea tmen t  compared  to  the  rap id ly quenched  
re fe rence  ma te r ia l .  Fu r the rmore ,  me ta s tab le  phases  wi th  a  h igh  magne t iza t ion  
predomina te ly  fo rmed  in  the  HPT de fo rmed  ma ter i a l  l ead ing  to  a  s imu l taneous  
enhancemen t  o f  remanence  and  coe rc iv i t y.  A s imi l a r  app roach ,  bu t  a  d i ff e ren t  
s ta r t ing  ma te r i a l ,  a morphous  and  pa r t ia l ly  amorphous  (Nd ,P r ) 1 0 Fe 7 9 Co 3 Nb 1 B 7  
r ibb ons ,  we re  u sed  in  re f .  [70 ,71 ]  to  ob ta in  bu lk  α -Fe /N d 2 Fe 1 4 B nanocompos i t e  
magne t s .  S imi la r  to  r e f .  [67 –69] ,  the  fo rmat ion  of  me ta s tab le  in t e rmed ia t e  
phases  du r ing  subsequen t  annea l ing  d id  no t  fo rm in  the  defo rmed  micros t ruc tu re  
and  on l y c r ys t a l l ine  α -Fe  and  Nd 2 Fe 1 4 B  phases  cou ld  be  found  by XRD 
inves t iga t ions  a f te r  annea l ing .  Fu r the rmore ,  a  h igh  f rac t ion  o f  α -Fe  (>30%) was  
s t i l l  p re sen t  wh ich  r esu l t ed  in  an  enhanced  magne t i za t ion .  At  the  same t ime ,  an  
increa se  in  coe rc iv i ty  f rom 4 .6  kOe  (a s -prepa red  amorphous  r ibbons  on l y 
annea led )  to  7 .2  kOe  (HPT p roces sed  and  annea led  ma te r ia l )  was  obse rved ,  
wh ich  was  a t t r ibu ted  to  an  enhancemen t  in  doma in  wa l l  p inn ing  s t reng th .   
A lr eady in  2009 ,  the  r ea sons  fo r  the  high  amoun t  o f  α -Fe  in  the  HPT-p rocessed  
amorphous  R -Fe -B -based  a l loys  was  s tud ied  in  r e f .  [ 72 ] .  I t  was  shown  tha t  
vacancy- t ype  de fec ts  fo rmed  in  the  de fo rmed amorphous  ma t r ix ,  wh ich  were  
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main l y sur rounded  wi th  Fe  a toms .  T hus ,  t he  ac t iva t ion  ba r r i e r  fo r  
c r ys t a l l i za t ion  of  the  Fe  phase  was  lowered ,  which  l eads  to  de fo rma t ion - induced  
c r ys t a l l i za t ion  of  t he  Fe  phase  in    amorphous  Nd 9 Fe 8 5 B 6  a l lo ys .   
HPT proces s ing  i s  a  power fu l  t oo l  fo r  improvemen t  o f  the  magne t i c  p rope r t ie s  
o f  d i ff e r en t  magne t i c  ma ter i a ls  us ing  phase  t rans fo rma t ions  o r  phase  fo rma t ions  
dur ing  de fo rma t ion .  T he  above  s tud ie s  show tha t  an  in crea se  in  coe rc iv i t y  o r  
ene rgy p roduc t  i s  poss ib l e  and  a l so  so f t  –  o r  semi -ha rd  magne t i c  mate r i a l s  can  
be  succes s fu l ly  p roduced .  
 
3.3 Elect r ica l  propert ies  and  superconduct ivi ty  
Mate r ia l s  fo r  e lec t r i ca l  app l i ca t ions  have  to  fu l f i l l  c e r t a in  r equ i r emen t s ,  th e  
mos t  impor tan t  a re  a  h igh  e lec t r ica l  conduc t iv i t y,  a  h igh  t ens i le  s t r eng th  and  a  
good  therma l  s t ab i l i t y.  Ag ,  Cu ,  Au ,  and  A l  pu re  me ta l s  posse s s  the  h ighes t  
e l ec t r ica l  conduc t iv i t i es .  Unfo r tuna te l y,  a  combina t ion  o f  h igh  s t reng th  and  
e l ec t r ica l  conduc t iv i ty  i s  ve ry ha rd  to  reach  in  these  pu re  me ta l l ic  ma te r ia l s .  
One  poss ib i l i t y  to  inc rea se  the  s t reng th  i s  a l loying .  Howeve r,  i n t roduc ing  o ther  
e l emen t s  in to  pure  meta ls  lower s  i t s  e lec t r ica l  conduc t iv i t y  due  to  e l ec t ron  
sca t t e r ing  by so lu te  a toms  and  by a  min o r  con t r ibu t ion  b y  prec ip i ta t es .  A NC 
gra in  s t ruc tu re  i s  ano ther  op t ion  to  ach ieve  h igh  s t reng th ,  bu t  t he  e lec t r i ca l  
conduc t iv i t y  i s  a l so  r educed  by e l ec t ron  sca t t e r ing  due  to  d i s loca t ions  and  gra in  
bounda r ie s  in  de fo rmed ma te r ia l s .   
A new app roach  combine s  g ra in  r e f inemen t  b y HPT de fo rma t ion  wi th  the  
fo rma t ion  o f  me ta s t ab le  phases  o r  acce le ra t ed  fo rm a t ion  o f  nanos ized  second  
phases  du r ing  p roces s ing .  In  re f .  [73 ,74] ,  t he  in f luence  o f  HPT on  s t reng th  and  
e l ec t r ica l  conduc t iv i t y  in  Cu -C r  a l loy  wi th  ve ry low (0 .5%)  [73 ]  and  h igh  (up  to  
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27%)  [74 ]  C r  con ten ts  has  been  inves t iga ted .  The  so lub i l i t y  o f  Cr  in  Cu  a t  RT is  
nea r ly  ze ro  wi th  a  max imum so lub i l i t y  o f  about  0 .9  a t% a t  1350 K.  A l though  no t  
exp l ic i t l y  inves t iga ted ,  the  d i sso lu t ion  o f  C r  and  the  fo rmat ion  o f  a  
supe rsa tu ra t ed  Cu  so l id  so lu t ion  was  a l so  expec ted  fo r  h ighe r  Cr-con ten ts  
(9 .85% and  27%)  in  re f .  [74 ] .  An  inc rea s ing  mic ro ha rdness  because  o f  a  
dec rea s ing  g ra in  s ize  wi th  inc rea s ing  Cr  con ten t  was  fu r the r  obse rved  a f t e r  HPT 
de fo rma t ion .  Add i t iona l ly,  t he  e l ec t r ica l  conduc t iv i t y  decrea se d  due  to  the  
h ighe r  amoun t  o f  g ra in  boundar i es  and  Cr  a l loying  a toms .  T he  e lec t r i ca l  
conduc t iv i t y  o f  the  C u -a l loy shou ld ,  howeve r,  be  le ss  a ffec t ed  by C r  p rec ip i t a te s  
compared  to  C r  in  so l id  so lu t ion .  B y annea l ing ,  supe rsa tu ra t ed  so l id  so lu t ion  
decompos i t ion  was  ach ieved ,  wh ich  lead  to  an  inc reased  e l ec t r ica l  conduc t iv i t y.  
S imu l t aneous ly,  a  h igh  hardness  was  p re se rved  due  to  the  re s t r i c t ion  of  
cons iderab le  g ra in  g rowth .  In s tead  o f  HPT de fo rma t ion  a t  RT,  the  C u -C r  a l loy in  
re f .  [ 73 ]  was  de fo rmed a t  300°C .  A s imi l a r  mic ros t r uc ture  –  200  nm g ra in  s i ze  
o f  C u  wi th  10  nm C r  p rec ip i ta t es  –  was  ach ieved  b y d ynamic  ag ing  du r ing  HPT 
proces s ing ,  wh ich  r esu l t ed  in  an  enhanced  e lec t r i ca l  conduc t iv i t y  o f  81% –85% 
IACS.  Fu r the rmore ,  the  s t ru c tu re  was  s t ab le  up  to  500°C.   
A d i ff e ren t  Cu -based  ma te r ia l  was  inves t iga ted  i n  re f .  [ 75 ] .  Cu–N bC 
compos i te s  we re  syn thes ized  s ta r t ing  f rom e lemen ta l  C u ,  Nb  an  C  powders  wi th  
d i ff e r en t  vo l%  us ing  HPT de fo rma t ion  (5  GPa ,  0 .5  rpm,  20  tu rn s ) .  Fo r  the  f i r s t  
t ime ,  the  in  s i tu  fo rma t ion  o f  NbC  by mechanica l  a l loying  was  observed  du r ing  
HPT proces s ing .  D eforma t ion  induced  phase  fo rma t ion  took  p lace  in  a  
s ign i f ican t  sho r te r  t ime  than  b y ba l l  mi l l ing ,  a l though  the  mechan i sm o f  NbC 
fo rma t ion  a re  p roposed  to  be  s imi l a r  in  bo th  p rocesses .   As  r ea son  acce lera ted 
d i ffus ion  ach ieved  by  a  reduced  d i ffu s ion  d i s tance s  th rough  the  fo rma t ion  o f  
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ve ry f ine  Nb  par t i c l e s  and  a  r educed  d i ffus ion  ac t iva t ion  ene rgy due  to  the  h igh  
dens i ty  o f  de fec ts  genera ted  dur ing  HPT p roces s ing  we re  p roposed .  The  bes t  
p rope r ty  combina t ion  ( h igh  e l ec t r ica l  conduc t iv i t y  and  h igh  tens i le  s t reng th )  
was  ach ieved  in  an  HP T p roces sed  Cu –2  vo l% NbC compos i t e s  a f t e r  annea l ing  
a t  700  °C  for  1  h .  
Pure  A l  i s  o f ten  u sed  a s  a  ma ter i a l  fo r  conduc to r s  in  the  e lec t r i ca l  i ndus t ry  due  
to  i t s  lower  cos t  and  lower  dens i ty  compared  to  Cu .  HPT de fo rma t ion  and  
subsequen t  annea l ing  was  combined  in  r e f .  [76 ]  to  ach ieve  h igh  s t reng th  and  
h igh  e lec t r ica l  conduc t iv i ty  in  A l -Fe  a l loys  (Al–2wt%Fe  and  A l–4wt% Fe) .  Af te r  
HPT deforma t ion ,  an  U FG mic ros t ruc ture  and  pa r t i a l  d i sso lu t ion  o f  Fe  in  Al  was  
ach ieved  in  bo th  a l lo ys  [77 ] .  From XRD  peak  sh i f t s ,  0 .67wt % Fe  and  0 . 99wt% 
Fe  d is so lved  in  the  Al  ma t r ix  a f t e r  75  ro ta t ion s  in  the  A l–2wt% Fe  and  
Al–4wt%Fe ,  re spec t ive l y.  The  e l ec t r ica l  con duc t iv i t y  dec reases  wi th  inc reas ing  
HPT s t r a in  to  f ina l  va lues  o f  abou t  40% In te rna t iona l  Annea led  Coppe r  Standa rd  
( IAC S) .  A nnea l ing  a t  200°C  re su l ted  in  p rec ip i t a t ion  o f  the  d i s so lved  Fe  and  the  
fo rma t ion  o f  we l l  d is t r ibu ted ,  nanos ized  Fe  pa r t i c le s .  In  the  annea led  s ta t e ,  an  
even  h ighe r  s t reng th  compared  to  the  a s -de formed s ta t e  a s  we l l  a s  an  enhanced  
conduc t iv i t y  ( above  50% IACS )  was  ach ieved .  A s imi l a r  app roach  (HPT a t  RT 
wi th  subsequen t  annea l ing  or  HPT defo rma t ion  a t  200°C)  was  u sed  in  
Al -2wt%Fe  a l loys  in  r e f .  [78 ] .  Both  p rocess ing  rou tes  p rov ided  h igh  s t r eng th ,  
bu t  a  h ighe r  e l ec t r i ca l  conduc t iv i t y  (≥52% IAC S)  was  ach ieved  b y HPT 
proces s ing  a t  e l eva ted  tempera tu res  due  to  reduc t ion  o f  Fe  so lu te  a tom 
concen t r a t ion  in  the  A l  phase .   
In  re f .  [79 ] ,  the  e ffec t  o f  HPT defo rma t ion  on  e l ec t r ica l  conduc t iv i t y  o f  an  
as -cas t  A l–5 .4wt% Ce -3 .1wt% La  a l lo y  was  inves t iga ted .  Bes ides  the  
20 
 
deve lopmen t  o f  an  U FG  mic ros t ruc ture  (ave rage  gra in  s ize  abou t  140  nm)  wi th  
sphe r ica l  in te rme ta l l i c  nanos ized  pa r t ic l e s  (Fig .2a) ,  de fo rma t ion  induced  
supe rsa tu ra t ed  so l id  so lu t ion  o f  the  Ce  and  La  in  the  A l  ma tr ix  was  fu r the r  
obse rved  by HAAD F-STEM imaging  (Fig .  2b ) .  Mix ing  was  fu r the r  conf i rmed  by 
the  change  o f  the  Al  l a t t ic e  parame te r  de te rmined  f rom XRD inves t iga t ions .  The  
concen t r a t ion  o f  the  r a r e  ea r th  e lemen ts  in  Al  was  e s t ima ted  to  be  abou t  0 .1  to  
0 .2  a t .%.  These  re su l t s  show tha t  mechan ica l  a l loying  o f  C e  and  La  a toms in  the  
Al  ma t r ix  i s  poss ib l e  even  though  they exh ib i t  a  ve ry  l a rge  a tomic  r ad iu s  
d i ff e r ence  (about  30%) .  In  the  as -de fo rmed s ta te ,  the  e l ec t r ica l  conduc t iv i ty  
dec rea sed  f rom 49 .5 % IACS (a s -cas t  s ta t e )  t o  39 .7 % IACS .  A f te r  annea l ing  a t  
280°C fo r  1h ,  s l igh t  g ra in  g rowth  (ave rage  gra in  s ize  abou t  200  nm) ,  s t ab le  
in t e rme ta l l ic  pa r t ic l es  and  the  fo rma t ion  o f  ra re  ea r th  nanoc lus t e r s  (~2  nm s i ze )  
we re  obse rved .  The  e lec t r ica l  conduc t iv i t y  improved  to  52 .4 % IACS  wi th  a  h igh  
s t r eng th ,  bo th  h ighe r  compared  to  the  a s -ca s t ,  undefo rmed  s ta te .  In  a  subsequen t  
s tud y [80 ] ,  the  same  ra re  ea r th  e lemen ts  (La  +  Ce )  we re  u sed ,  bu t  concen t ra t ions  
in  the  A l  a l loy were  var i ed  to  de f ine  a  compos i t ion ,  wh ich  p rov ides  an  op t ima l  
combina t ion  o f  enhanced  mechan ica l  and  e lec t r ica l  p rope r t ie s .  T herefore ,  t h r ee  
d i ff e r en t  s t a r t ing  a l loys  wi th  0 .9  wt% La  and  1 .6  wt% C e,  2 .9  wt% La  and  
1 .6wt  % C e  and  3 .1  wt% La  and  5 .4  wt  C e  wt% were  p roduced  by ca s t ing .  
Increa s ing  ra re  ea r th  e l emen t  concen t ra t ion s  l ed  to  an  enhanced  s t reng th ,  bu t  
reduced  the  e lec t r i ca l  conduc t iv i t y.  Fo r  an  op t ima l  combina t ion  of  e lec t r i ca l  
conduc t iv i t y  and  mechan ica l  s t reng th ,  t he  to t a l  c oncen t r a t ion  o f  r a re  ea r th  
e l emen t s  should  no t  be  above  4 .5  wt%.  Add i t iona l ly,  a  subsequen t  annea l ing  
t rea tmen t  be tween  250°C–280   °C  fo r  1  h  was  shown to  be  bene f i c i a l  fo r  the  
e l ec t r ica l  conduc t iv i t y.  
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Nb–Ti  a l loys  a r e  wide l y u sed  in  ano the r  f ie ld  o f  app l ica t ion ,  wh ich  a re  
supe rconduc t ing  magnet s .  The  in f luence  o f  metas t ab le  phase  and  supe rsa tu ra t ed  
so l id  so lu t ion  fo rma t ion  on  supe rconduc t ive  p roper t i es  was  inves t iga ted  in  a  
f i r s t  s tudy  in  re f .  [81 ] .  Nb-Ti  powder  b lends  wi th  47  wt% Ti  were  H PT de fo rmed  
a t  RT and  d i sso lu t ion  of  Ti  in  Nb  du r ing  de fo rma t ion  was  obse rved .  A t  la rge  
s t r a in s ,  a  supe rsa tu ra ted  NC β  phase  wi th  BCC s t ruc tu re  fo rmed.  Dur ing  
annea l ing ,  decompos i t ion  of  the  supe r sa tu ra t ed  phase ,  the  fo rma t ion  of  a  
lame l l a r  s t ruc tu re  and  seg rega t ion  of  Nb a t  t he  g ra in  and  in te rphase  bounda r ie s  
was  obse rved .  The  HPT p roces sed  a l lo y become  superconduct ive  a t  
tempera tu res  be low 9  K.  I t  was  fu r the r  shown tha t  the  t r ans i t ion  tempera tu re  fo r  
supe rconduc t iv i ty  was  lowered  wi th  inc reas ing  shear  s t ra in ,  bu t  increa sed  wi th  
subsequen t  annea l ing  because  o f  the  decompos i t ion  p roces s  (Fig .  2c) .   
These  f i r s t  s tud ie s  show tha t  HPT p rocess i ng  (or  more  gene ra l ly  SPD)  i s  a  
p romis ing  pa thwa y to  ach ieve  ma ter i a ls  wi th  a  good  combina t ion  o f  e lec t r i ca l  
and  mechan ica l  p rope r t ie s .  
 
3.4 Synthes is  of  porous materia ls  and  i r radiat ion  resi s tant  material s  
Appl i ca t ions  o f  po rous  ma ter i a ls  a r e  l igh tweigh t  s t ruc tures ,  sensor s  o r  
ac tua to rs ,  hea t  exchange r s ,  dampene r s  o r  r ad ia t ion  to le ran t  ma te r ia l s ,  wh ich  
requ i re  p rope r t ie s  l ike  low spec i f ic  we igh t ,  h igh  su r face - to -vo l ume  r a t io ,  
exce l len t  therma l  and  e l ec t r ica l  conduc t iv i t y,  h igh  ene rg y abso rp t ion  or  la rge  
in t e r f ace  dens i t i es .  Porous  ma te r ia l s  wi th  l igamen t  s izes  in  the  U FG  to  NC 
reg ime  e spec ia l ly  have  a  h igh  app l i ca t ion  po ten t ia l .   B y va rying  the  leng th -sca le  
o f  the  l i gamen ts ,  the  p rope r t ie s ,  e . g .  the  yi e ld  s t r eng th ,  c an  be  ad ju s ted .  
Conven t iona l  manufac tur in g  me thods  a re ,  fo r  example ,  t empla te -based  
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fabr i ca t ion  o r  chemica l  dea l loying  o f  r ap id ly so l id i f ied  a l loys  [82 ,83 ] .   
Recen t ly,  ano the r  p rocedure  to  ob ta in  U FG  and  NC po rous  me ta l l ic  ma te r ia l s  
based  on  HPT powder  conso l ida t ion  and  defo rma t ion  proces s  ha s  been  
deve loped  [84–86] .  D i ffe ren t  combina t ions  o f  immisc ib le  powder  mix tu res  
(b ina ry C u /Fe  [85 ]  and  Au/ Fe  [86 ]  o r  te rnar y Cu -Fe -A g [84]  s ys t ems)  we re  u sed  
as  s ta r t ing  ma te r i a l  r esu l t ing  e i the r  in  mechan ica l ly  a l loyed  s ing le  phase  o r  
dua l -phase  NC mic ros t ruc t u re s .  T he  bu lk  mechan ica l ly  a l lo yed  mate r i a l s  we re  
then  hea t  t rea ted  to  r each  phase  sepa ra t ion  o r  reduce  the  amoun t  o f  fo rced  
mix ing  and /o r  to  ad ju s t  the  g ra in  s i ze  o f  the  r espec t ive  phases .  From these  bu lk  
ma ter i a ls ,  porous  Cu ,  Au o r  Cu -Ag ma ter i a l s  we re  then  c rea ted  by  dea l loying 
us ing  se l ec t ive  e tch ing  wi th  HC l  [85 ,86 ]  o r  po ten t ios t a t ic  dea l loyi ng  [84] .  
In  case  o f  the  porous  Au ma te r ia l ,  a  po ros i ty  o f  ~ 50% and  l igame nt s  wi th  an 
ave rage  d iame te r  o f  abou t  100  nm wi th  on  ave rage  ~  70  nm d iame te r  sma l l  g ra in s  
was  ach ieved  [86 ] .  Fo r  the  po rous  Cu  ma te r ia l ,  s imi l a r  poros i t y  l eve l s  and  a  
s l igh t ly  l a rge r  l i gamen t  s i ze  o f  abou t  200  nm was  ob ta ined  [85] .  S imi la r  
l igamen t  s izes  were  obse rved  fo r  the  Cu -Ag porous  ma te r ia l  [84] .  A s  an  example ,  
the  d i ff e r en t  micros t ruc tu ra l  s ta t es  du r ing  the  fab r ica t ion  p roces s  o f  a  
Cu 5 0 Fe 2 5 Ag 2 5  ma te r ia l  -  in i t ia l  s t a te ,  as -de fo rmed  s t a te ,  annea led ,  de -a l lo yed  -  
le ad ing  to  a  dua l -phase  nanoporous  ma te r i a l  i s  i l lu s t r a ted  in  Fig .  3 .  In  the  SEM 
image  o f  the  in i t ia l  s t a t e ,  the  d i ffe ren t  pha ses  a re  ea s i l y  d is t ingu i shed  by the i r  
phase  con t ra s t  (Fig .3a ) .  Af t e r  HPT de fo rma t ion ,  a  me ta s t ab le  s ing le -phase  was  
ob ta ined  ( Fig . 3b ) .  Af te r  two d i ff e r en t  hea t  t rea tmen t s ,  pa r t i a l  o r  comple te  
phase -sepa ra t ed  s t a te s  wi th  NC or  U FG  mic ros t r uc tures  were  ob ta i ned  
(Fig .3c -d) .  Af t e r  s e lec t ive  po ten t ios t a t ic  dea l loying  o f  the  Fe  phase ,  a  NC 
porous  C u -A g ma ter i a l  was  ach ieved  (Fig . 3e ) .   
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To probe  the  mechanica l  p rope r t ie s  and  de fo rma t ion  behaviour  o f  the  
nanoporous  ma te r ia l s ,  nanoinden ta t ion  was  per fo rmed in  r e f .  [8 4–86] .  The  C u - 
and  Au po rous  ma te r i a l s  we re  fu r the r  t es t ed  a t  d i ffe r en t  t empera ture s  up  to  
300°C to  eva lua te  the  the rmo -mechan ica l  p rope r t i e s  and  s t ruc tu ra l  s tab i l i t y.  The  
ha rdness  o f  the  Au  porous  ma te r i a l s  s ign i f ican t ly  increa sed  a f t e r  annea l ing ,  
wh ich  was  a t t r ibu ted  to  a  s ign i f i can t  r educ t ion  o f  mob i l e  d i s loca t ions  tha t  l e f t  
the  ma ter i a l  a t  f ree  su r faces .  Inc reas ing  ha rdness  wi th  inc rea s ing  te s t ing  
tempera tu re  was  a lso  obse rved  fo r  the  Cu  po rous  ma ter i a l .  In  th i s  c a se ,  howeve r,  
ox id iza t ion  dur ing  h igh - tempera tu re  nano inden ta t ion  was  observed  and  re l a ted  
to  the  measu red  mechanica l  p rope r t ie s .  To  s tudy r ad ia t ion  e ff ec t s  and  r es i s tance ,  
the  C u -A g po rous  mate r i a l  was  add i t iona l ly  t e s ted  be fo re  and  a f t e r  an  
i r r ad ia t ion  t rea tmen t  wi th  1  MeV p ro tons  to  1  dpa  o f  damage  a t  nea r  RT.  No  
no tab le  d i ffe rence  in  ha rdness  before  and  a f t e r  i r rad ia t ion  show ed the  
p roo f -of -p r inc ip le  o f  a  rad ian t - to l e ran t  mu l t i -phase  U FG  o r  NC  po rous  ma te r i a l .  
Anothe r  p romis ing  sys t em  fo r  rad ia t ion  to l e ran t  p roper t i es  a re  C u -N b 
nanocompos i t es .  In  Cu -Nb mu l t i l aye r  nanocompos i te s  s yn thes i zed  by d i ff e ren t  
me thods ,  rad ia t ion  damage  re s is t ance  in  combina t ion  wi th  h igh  hardness  ha s  
a l r ead y been  proven  ( i . e . [87–89]  ) .  In  [90 ] ,  U FG  Cu-Nb  compos i te s  we re  
syn thes ized  b y HPT proces s ing  and  subsequent  ann ea l ing .  A s  s t a r t ing  ma te r ia l ,  
Cu  and  Nb powder s  were  mixed  toge the r  wi th  a  compos i t ion  of  50  wt% C u and  
50  wt% Nb .  In  the  a s -de fo rmed  s t a te ,  a  bu lk  NC ma ter i a l  was  ob ta ined .  A f te r  
annea l ing  a t  500°C,  an  U FG C u-N b compos i te s  wi th  g ra in  s izes  be tween  100 -200  
nm were  ob ta ined .  Such  U FG C u -N b compos i te s  migh t  be  u sed  a s  mate r ia l  fo r  
app l ica t ions  in  ha r sh  rad ia t ion  env i ronmen t s  in  fu tu re ,  bu t  r ad ia t ion  to l e ran t  
p rope r t ie s  have  no t  been  t es t ed  ye t .  
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3 .5  Synthes is  of  hydrogen s torage  materia ls   
H ydrogen  i s  r egu la r l y  p roposed  a s  innova t ive  ene rg y ca r r ie r,  bu t  i t  rema ins  a  
cha l l eng ing  ta sk  to  des ign  su i t ab le  and  sa fe  h igh -dens i t y  hyd rogen  s to rage  
sys t ems .  D i ffe ren t  t ypes  o f  h yd rogen  s to rage ,  l ike  p re s su r ized  gas  t anks ,  s to rage  
as  l iqu id  h yd rogen  o r  c hemica l  s to rage  a s  h ydroca rbons ,  a l ready ex i s t .  Ano the r  
p romis ing  way of  hyd rogen  s to rage  i s  i n  r eve rs ib l e ,  so l id  s t a te ,  l igh t  me ta l  
hyd r ides  ( such  as  Mg,  MgN i 2 ,  LaN i 5  o r  TiFe ) ,  bu t  the y exh ib i t  s low k ine t i cs  in  
the  cha rg ing /d i scha rg ing  p rocesses  and  h igh  hyd rogen  deso rp t i on  tempera tu re s .  
The k ine t i cs  can ,  howeve r,  be  rad ica l ly  enhanced  by reduc ing  the  pa r t i c le  s i ze  
and /o r  by in t roduc ing  la t t i ce  de fec ts ,  wh ich  enhance  d i ffus ion  and  can  ac t  a s  
pa thwa ys  for  hyd rogen  t r anspo r t .  In  2010 ,  the  mic ros t ruc tur e  and  h yd rogen  
so rp t ion  p rope r t ie s  o f  Mg ,  MgH 2 ,  and  MgH 2 –Fe  powder  mix tu re s  a f te r  HPT 
de fo rma t ion  w ere  inves t iga ted  [91 ] .  Bes ides  g ra in  re f inemen t  wi th  ave rage  
gra in s  s i ze s  of  20  nm,  a l so  the  fo rma t ion  o f  a  me tas t ab le  γ -MgH 2  phase  and  
enhanced  h yd rogen  so rp t ion  p rope r t i e s  were  observed  in  the  bu lk  samp les .  A 
Japanese  r esea rch  g roup  fur the r  de te rmined  the  po ten t i a l  o f  t he  HPT  powder  
conso l ida t ion  p roces s  to  s yn thes i ze  nove l  ma te r ia l s  fo r  poss ib le  h yd rogen  
s to rage  app l i ca t ion  a t  RT us ing  de fo rma t ion - induced  mix ing  [92 ] .  In  pa r t icu la r,  
d i ff e r en t  Mg -based  a l loys  ha ve  been  examined  so  f a r  and  the  phase  fo rma t ions  
have  been  fur the r  ve r i f ied  b y f i r s t -p r inc ip le  ca lcu la t ions .  O ve r  20  d i ffe ren t  
e l emen ta l  powder s  such  a s  Ti ,  Zr,  A l  and  Zn  were  mixed  wi th  Mg  powder s  a nd  
de fo rmed  by HPT a t  RT [93 ] .  Va r ious  nanos t ruc tu red  in te rme ta l l ic s ,  bu t  a l so  
new me tas t ab le  in t e rmeta l l ic s ,  a l lo ys  o r  amorphous  phases  we re  s yn thes ized .   
The  Mg–Ti  b ina ry sys t em,  fo r  example ,  i s  immisc ib le  even  in  l i qu id  fo rm,  bu t  
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bo th  e lement s  r eac t  wi th  hyd rogen  fo rming  MgH 2  and  TiH 2  h ydr ides .  Wi th  HPT 
proces s ing ,  me tas t ab le  phases  ( BCC ,  FCC and  two HCP s t ruc tu res )  we re  fo rmed  
in  the  NC ma te r ia l  as  shown b y XRD and  TE M inve s t iga t ions  in  re f .  [ 94 ] .  T he  
fo rma t ion  o f  the  me tas tab le  phases  was  exp la ined  e i the r  by de fo rma t ion  induced  
a tomic -sca le  mix ing  ( fo r  bo th  HCP phases )  o r  the  e ffec t  o f  g ra in  s i ze  on  phase  
s tab i l i t y  ( fo r  the  BCC  and  FCC  phases ) .  A f t e r  hyd rogena t ion ,  MgH 2  and  TiH 2 ,  
bu t  no  Mg -Ti  hyd r ides  we re  fo rmed  a l though  f i r s t -p r inc ip le s  ca lcu la t ions  
showed tha t  th i s  hyd rogena t ion  r eac t ion  shou ld  occu r  the rmodynami ca l ly.  T hus ,  
decompos i t ion  o f  the  me tas t ab le  Mg –Ti  b inar y phases  to  pure  Mg and  Ti  i s  
k ine t ica l ly  f a s t e r  than  h yd rogen  adsorp t ion  in  the  fo rm of  te rna ry Mg –Ti  
hyd r ides  wi th  the  cub ic  s t ruc tu re .  
Mg and  Zr  a r e  a l so  immisc ib le  e lemen ts ,  wh ich  means  the y do  no t  fo rm an y 
b ina ry phases  in  equ i l ib r ium.  S imi la r  to  Mg ,  Zr  can  s to re  hyd rogen  in  the  fo rm 
of  ZrH 2 .  Powder  mix tu re s  o f  Mg  -  50  a t% Zr  were  HPT deformed and  seve ra l  new 
me tas t ab le  phases  (nanos t ruc tu red  HCP,  nano - twinned  FCC,  BCC or  o rde red  
BCC -based  phases )  were  ob ta ined  [95] .  A t  la rge  shear  s t r a in s ,  t he  de fo rmed  
Mg-Zr  ma te r i a l  cons i s t ed  ma in ly o f  a  HC P Mg -Zr  so l id  so lu t ion  and  sma l l  
amoun t s  o f  BCC and  FCC phases .  T he  BCC  phase  a lmos t  van ishe d  a t  t he  h ighes t  
amoun t  o f  s t ra in ,  i nd ica t ing  tha t  i t  i s  on l y an  in t e rmed ia t e  phase  dur ing  phase  
t rans fo rma t ion  to  the  HCP Mg -Zr  phase .  TE M h igh -reso lu t ion  la t t i ce  images  and  
h igh - re so lu t ion  EDS  maps  fur the r  showed man y Mg -based  nanoc lu s te r s  in  the  
mic ros t ruc ture  (Fig .4a) .  C on t ra ry to  the  inves t iga ted  Mg -Ti  [94 ] ,  the  
non -equ i l ib r iu m Mg -Z r  phase  d id  no t  decompose  un t i l  tempera tu res  o f  773K .  
The  HPT p roces sed  Mg -Zr  ma te r ia l  fu r ther  exh ib i ted  reve rs ib le  hyd rogen  
s to rage  capab i l i t y  wi th  an  abso r p t ion  o f  ~1  wt .% of  h yd rogen  main ly in  the  
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Mg-based  nanoc lu s te r s  (Fig .4b) .  T he  abso rbed  hyd rogen  fu r ther  fu l ly  de so rbed  
under  a i r  o r  a rgon  a tmosphe re s  a t  RT.   
No  new phase  fo rma t ion ,  bu t  a morp h iza t ion  was  obse rved ,  fo r  example ,  i n  the  
Mg–A l sys t em [93 ] .  Fu r the rmore ,  t he  desorp t ion  t empera ture  fo r  hyd rogen  
dec rea sed  and  an  inc rease  in  hyd rogen  s to rage  capac i t y  was  obse rved .  The  
hyd rogen  s to rage  capac i t y  was ,  howeve r,  l ower  than  fo r  HPT de fo rmed  pu re  Mg .  
Not  on l y b ina ry Mg -a l loys  have  been  inves t iga ted  so  f a r,  a l so  te rnar y 
Mg-based  sys t ems  have  been  p roces sed  by HPT  [96 ,97] .  C ompos i t ions  in  the  
Mg−V−Sn ,  Mg−V− Pd,  Mg−V−Ni ,  Mg−N i−Sn ,  and  Mg−N i –Pd were  f i r s t  se lec ted  
based  on  f i r s t -p r inc ip le s  ca l cu la t ions .  In i t i a l  ma te r ia l s  were  e i the r  powder  
mix tu re s  (Mg−V  w i th  Sn ,  Pd  o r  N i )  o r  a s - ca s t ed  ingo ts  ( Mg−Ni−Sn  o r–P d) ,  
wh ich  were  subsequen t ly  HPT de fo rmed  to  u l t r a -h igh  s t ra in s .  XRD  
inves t iga t ions  p roved  the  fo rma t ion  o f  new me ta s tab le  phases  (B2 - t ype  
s t ruc tu re  in  Mg -V-Sn,  B2-type  and  BCC s t ruc tu re  in  Mg -V-P d,  s ing le  phase  BCC 
s t ruc tu re  in  Mg -V-N i )  bes ides  the rmodynamica l l y  s tab le  Mg 2 Sn  and  Mg 2 N i  
in t e rme ta l l ic s .  In  the  Mg -V-N i  sys t em,  comple te  mix ing  o f  e lemen ts  and  
s t ruc tu ra l  s a tu ra t ion  was  observed .  In  Mg -V-Sn  and  Mg -V-N i ,  s t ruc tu ra l  
in homogene i t i e s  a re  v i s ib le  even  a f t e r  ex t r eme ly la rge  shea r  s t r a ins .  In  the  
Mg-N i -Sn  and  Mg -N i -Pd  sys t ems ,  new phases  a re  fo rmed  a s  we l l .  Un i fo rm 
a tomic  mix ing  o f  in i t ia l  th ree  in t e rme ta l l i cs  to  a  new s ing le  phase  wi th  a  
BCC -based  pa r t l y  o rdered  C sC l - t ype  s t ruc tu re  was  con f i rmed  by APT 
inves t iga t ion s  in  Mg -Ni -Pd  [97] .  The  nove l  HPT-s yn thes i zed  a l loy exh ib i t ed  
h igh  phase  s t ab i l i t y  and  r ever s ib l e  hyd rogena t ion  and  dehydrogena t ion  
prope r t ie s  a t  RT.  In  con t ra s t ,  t he  Mg -N i -Sn  t rans fo rmed f rom a  micros t ruc tu re  
con ta in ing  th ree  in te rme ta l l i cs  in  the  a s -cas t  s ta t e  to  a  ma in l y  amorphous  
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s t ruc tu re  wi th  some  nanogra in s .  Unfo r tuna te l y,  no  re su l t s  o f  h yd rogen  r e la ted  
prope r t ie s  a re  pub l ished  so  fa r  fo r  th is  sys t em .   
New Mg -V-Cr  a l lo ys  we re  fu r ther  s yn thes i zed  by a  combina t ion  o f  p r io r  ba l l  
mi l l ing  and  subsequen t  HPT o f  mix tures  o f  MgH 2 ,  V and  C r  powders  wi th  MgV,  
Mg 2 VC r,  MgV 2 Cr and  MgVC r comp os i t ions  [98] .  Nove l  s ing l e  phase  BCC 
phases  a re  fo rmed  fo r  the  compos i t ions  Mg 2 VCr and  MgVC r,  whe reas  in  MgV 
and  MgV 2 C r a  new BC C phase  was  fo rmed in  add i t ion  to  the  in i t ia l  phase s .  Bes t  
p rope r t ie s  r egard ing  s t ruc tu ra l  s tab i l i t y  and  hyd rogen  s to rage  a t  RT was  
ach ieved  in  the  MgVC r a l lo y.   
In  re f .  [99] ,  a  Ti -50  a t .% V a l lo y wi th  a  supe rsa tu ra t ed  BCC s t ruc ture  was  
syn thes ized  a t  RT f rom Ti  and  V powder s  us ing  HPT de fo rma t ion .  A l though  
hyd rogen  d i ffu s ion  an d  me ta l - to -h yd r ide  phase  t rans fo rma t ion  cou ld  be  
improved ,  t he  r a te  o f  hyd rogen  d i ssoc ia t ion  was  s t i l l  s low.  
I t  c an  be  summar ized  tha t  the  p roduc t ion  of  innova t ive  hyd rogen  s to rage  
ma ter i a ls  wi th  un ique  compos i t ions  and  mic ros t ruc tu re s  i s  poss ib l e  us ing  HPT 
de fo rma t ion .  
 
4.  New materia l  combinat ions  
4.1  Amorphous materia ls  and  bulk  meta l l i c  glass  composi tes  
Amorphous  ma te r ia l s  o r  b u lk  me ta l l i c  g l as se s  have  seve ra l  advantages  as  
compared  wi th  c rys t a l l ine  me ta ls ,  bu t  have  a l so  some  ma jo r  d rawbacks  such  a s  
the i r  b r i t t le nes s  and  poor  duc t i l i t y  in  t en s i l e  te s t in g .  One  wa y to  in f luence  the  
p rope r t ie s  i s  to  p roduce  bu lk  me ta l l ic  g la ss  compos i te s ,  wh ich  con ta in  an  
add i t iona l  amorphous  o r  c rys t a l l ine  phase  a s  inhomogene i t y  [100 ] .  U sua l  
p roces s ing  rou te s  a r e ,  fo r  example ,  pa r t ia l  c rys t a l l i za t ion  o f  amorphous  samp le s ,  
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cas t ing  me ta l l ic  g la s ses  wi th  c r ys t a l l i ne  pa r t s  such  as  f ibe r s ,  o r  spa rk  p la sma 
s in te r ing  [101–107] .   
A new p roces s ing  app roach  i s  t o  gene ra t e  bu lk  me ta l l ic  g l as s  compos i te s  by  
HPT deforma t ion  s ta r t ing  f rom powders ,  in  wh ich  a tomic  mix ing  o r  mechan ica l  
a l l oying  be tween  the  cons t i tuen t  phases  i s  a l so  obse rved .  A s  s ta r t ing  ma te r i a ls ,  
mix tu re s  o f  amorphous /c rys t a l l ine  o r  amorphous /amorphous  powder s  a re  u sed .  
Up to  now,  Zr-me ta l l i c  g la s s  powders  in  combina t ion  wi th  c rys t a l l ine  A l  o r  C u  
powder s  and  mix ture  o f  Zr -  and  N i -based  me ta l l i c  g la s s  powder s  have  been  
inves t iga ted .  In  r e f .  [ 108 ] ,  60  vo l .%  Zr-based  me ta l l ic  g l a ss  and  40  vo l% A l  
c r ys t a l l i ne  powder s  we re  spa rk  p lasma  s in te red  to  ob ta in  a  p re -compac ted  in i t i a l  
ma te r i a l .  Inves t iga t ions  o f  the  mic ros t ruc tu ra l  ev o lu t ion  dur ing  HPT 
de fo rma t ion  have  shown  tha t  m os t  o f  the  deforma t ion  was  loca l i zed  in  the  A l  
ma t r ix .  T he  me ta l l ic  g l as s  phase  was ,  ho weve r,  a l so  deformed  and  became  
f ragmen ted ,  wh ich  le d  to  mic ros t ruc tu ra l  r e f inemen t .  Inhomogeneous  
de fo rma t ion  and  shea r  band  for ma t ion  was  fu r the r  obse rved .  Fur the r  HPT 
de fo rma t ion  led  to  fu l l  amorph iza t ion  and  in t ens ive  mechan ica l  mix ing .  Fo r  the  
h ighes t  s t ra in s  ( la rge r  than  400 ) ,  a  f ea ture l es s ,  homogeneous  s t ruc tu re  was  
obse rved ,  wh ich  a l so  cor re l a te s  to  the  ha rdness  max i mum of  700HV.  S hea r  bands  
occur r ing  wi th  a  h igh  dens i ty  du r ing  HPT de fo rma t ion  were  a s sumed to  be  the 
ma in  mechan ism fo r  the  obse rved  mix ing .  I t  was  shown by a  s imp le  geome tr i ca l  
mode l  tha t  f ew a tomic  jumps  wi th in  shea r  bands  cou ld  be  enough  to  fu l ly  mix  
and  amorph ize  the  compos i te ,  i f  t he  leve l  o f  defo rma t ion  i s  l a rge  enough .  
Howeve r,  chemica l  g rad ien t s  wi th  a  t yp ica l  l eng th  sca le  in  a  range  of  10 –20  nm 
were  s t i l l  p re sen t  in  the  mic ros t ruc ture  even  a t  h igh  s t ra in s .  The  ver y h igh  
ha rdness  o f  the  as -p rocessed  compos i te ,  wh ich  i s  40  % h ighe r  than  the  ha rdness  
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of  the  o r ig ina l  Zr-based  me ta l l ic  g la ss ,  was  fu r the r  a t t r ibu ted  to  the se  chemica l  
g rad ien ts .  
Zr-based  me ta l l i c  g la s s  powder s  wi th  f ou r  d i ffe r en t  compos i t ions  (20 ,  40 ,  60 ,  
80  wt% Cu)  were  mixed  wi th  c rys t a l l ine  C u  powders ,  then  d i rec t ly  conso l ida ted  
and  deformed  by HPT in  re f .  [109 ] .  A l though  the  C u  phase  ca r r i e d  the  mos t  pa r t  
o f  t he  de fo rma t ion  and  no  idea l  co -de fo rma t ion  occu r s ,  phase  re f inemen t  o f  bo th  
phases  in to  a  lame l la r  s t ruc tu re  was  obse rved  (Fig .5a - f ) .  The  s t ruc tu re  r e f ine d  
fu r ther  wi th  on -go ing  de fo rma t ion  and  in  sa tu ra t ion  a t  ve ry h igh  s t ra in s ,  s ing le  
phase  bu lk  me ta l l ic  g l as se s  we re  ob ta ined  for  a l l  compos i t ion  excep t  the  one  
con ta in ing  80  wt% Cu .  In  th is  ca se ,  a  pa r t  o f  the  Zr-me ta l l i c  g l a s s  ph ase  was  
d i s so lved  in  the  Cu  phase  fo rming  a  super sa tur a ted  so l id  so lu t ion ,  wh ich  
rema ins  c r ys t a l l i ne .  Fur the rmore ,  i t  was  obse rved  tha t  t he  s t r a in  neces sa r y to  
reach  sa tura t ion  inc reases  s ign i f i can t l y  w i th  increa s ing  con ten t  o f  the  
c r ys t a l l i ne  Cu  phase .  T he  so f t  Cu  phase  car r ie d  mos t  o f  the  de fo rma t ion ;  t hus  the  
amorphous  pa r t ic l es  a re  no t  fo rced  to  de fo rm a s  s t rong ly a s  compos i t ions  wi th  
lower  Cu  con ten t .  The re fo re ,  fu l l y  mix ing  migh t  be  p reven ted  as  wel l .   
Mechan ica l  p rope r t ie s  o f  the  HPT de fo rmed bu lk  Zr -me ta l l ic  g l as s -based  
ma ter i a ls  we re  inves t iga ted  wi th  ha rdness  measuremen t s .  The  compos i t ions  
wi th  20 ,  40  and  60  wt% Cu  exh ib i t ed  a  ha rdness  tha t  i s  lower  than  a  re fe rence  
Zr-me ta l l i c  g la ss  a t  l ow s t ra in .  In  the  fu l l y  mixed  amorphous  s ta t e ,  the  ha rdness  
was ,  howeve r,  h ighe r  than  the  pure  Zr-me ta l l ic  g la ss  r e f e rence .  B y con t ra s t ,  t he  
compos i te  con ta in ing  80  wt% C u show ed  on  the  one  hand  lower  ha rden ing  wi th  
increa s ing  s t r a in  and  on  the  o the r  hand  the  ha rdness  o f  the  re f e rence  Zr -me ta l l i c  
g l as s  cannot  be  ob t a ined  even  a t  t he  h ighes t  i nves t iga ted  s t r a in .   
A s imi l a r  combina t ion  o f  s ta r t ing  ma te r ia l s  ( Zr 5 5 C u 3 0 N i 5 A l 1 0  -  me ta l l i c  g la ss  
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phase  in  combina t ion  wi th  c rys t a l l ine  Cu)  was  u sed  in  [110 ] ,  bu t  in s tead  o f  
powder s  p la t es  wi th  s emi -c i rcu la r  shape  and  a  vo lume  r a t io  o f  1 :1  we re  pu t  
toge the r  and  sub jec ted  to  HPT.  SEM and  TEM inves t iga t ions  showed  tha t  
lame l l a r  nano -compos i te s  were  p roduced  a t  t he  h ighes t  s t ra in  (50  ro ta t ions ) .  In  
con t ra s t  t o  [109 ] ,  no  mix ing  o r  chemica l  reac t ion  be tween  the  
c r ys t a l l i ne / amorphous  p hases  o r  c r ys t a l l i za t ion  o f  the  amorphous  phase  was  
obse rved  b y XRD .  T he  reason  migh t  be  the  s ign i f ican t  sma l l e r  amoun t  o f  app l ied  
s t r a in  (50  ro ta t ions )  compared  to  r e f .  [109]  (500  ro ta t ions ) .   Add i t iona l ly,  a  
la rge  sca t t e r  in  hardness  was  de te rmined  a f te r  de fo rma t ion .  The  average 
ha rdness  was  a lso  s l igh t ly  sma l l e r  compared  to  the  a s -ca s t  Zr 5 5 Cu 3 0 N i 5 A l 1 0  
re fe rence  ma te r ia l .  
In  re f .  [111 ] ,  two  d i ff e r en t  me ta l l i c  g la s s  powders ,  Zr 5 7 C u 2 0 A l 1 0 Ni 8 Ti 5  and  
Ni 5 3 Nb 2 0 Ti 1 0 Zn 8 Co 6 Cu 3 ,  we re  conso l ida ted  and  de fo rmed by HP T to  syn thes ize  
amorphous  dua l  phase  compos i te s .  Dur ing  HPT de fo rma t ion ,  de forma t ion  o f  
bo th  amorphous  phases  took  p lace  and  a  lame l la r  s t ruc tu re  s imi l a r  a s  in  the  
amorphous /c r ys t a l l ine  compos i t es  evo lved .  The  s t ruc tu re  r e f ine s  down to  a  few 
nm du r ing  defo rma t ion .  Shear  band  forma t ion  was  obse rved  a s  we l l  and  a t  ve ry 
h igh  shea r  s t ra in s  even  mix ing  o f  the  two  amorphous  ma te r ia l s  towards  a  s ing le  
phase  bu lk  me ta l l i c  g l as s  occu r red .  The  newly fo rmed amorphous  phase  has  a  
ha rdness  be tween  the  in i t i a l  me ta l l ic  g la s se s ,  bu t  h igher  than  the  ru l e  o f  mix tu re  
p red ic t s .  
In  a  s l igh t ly  d i ff e r en t  app roach ,  s ing le  amorphous  powder s  a r e  de formed and  
de fo rma t ion - induced  c rys t a l l iz a t ion  r esu l t ed  in  bu lk  me ta l l i c  g la s s  compos i te s  
as  we l l .  In  th i s  wa y,  N C  bu lk  Al 9 0 Fe 5 N d 5  pa r t ia l l y  amorphous  compos i t es  w i th  
Al  nano cr ys t a l l i te s  wi th  a  s ize  be tween  5  and  25  nm  were  prepared  “ in -s i tu”  by 
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HPT de fo rma t ion  o f  fu l l y  amorphous  gas  a tomized  powder s  [112 ] .  In s t ead  of  
amorphous  powder s ,  ba l l  mi l l ed  Fe 7 7 A l 2 . 1 4 14Ga 0 . 8 6 P 8 . 4 C 5 B 4 S i 2 . 6  amorphous  
r ibbons  were  u sed  in  re f .  [113] .  HPT de forma t ion  led  to  the  fo rma t ion  o f  
d i spe rsed  Fe 2 B  or  α  -Fe  nanocr ys t a ls  i ns ide  the  amorphous  ma t r ix .  The  bu lk  
me ta l l i c  g l as s  compos i te s  exh ib i t ed  en hanced  Cur ie  t empera ture  and  hardness  
wi th  r e spec t  to  the  no t  de fo rmed  r ibbon  ma te r ia l .  
The  HPT p rocess  permi t s  the  p roduc t ion  o f  bu lk  me ta l l i c  g l a ss  compos i te s .  
Even  nove l  me ta l l i c  g la s s  phases  wi th  d i ff e ren t  chemica l  compos i t ion  can  be  
syn thes ized .  B y va rying  the  app l ied  s t ra in ,  phase  d imens ions  can  be  
sys t ema t ica l ly  va r i e d  and  deforma t ion - induced  mix ing  i s  obse rved .  H oweve r,  
eno rmous  amoun ts  o f  s t ra in  a r e  necessar y to  ach ieve  fu l l -mix ing .  Wi th  th i s  
p roces s ,  bu lk  me ta l l ic  g l as s  compos i t e s  con ta in ing  me ta l l i c  ma ter i a l s  wi th  new 
types  o f  second  phase  -  fo r  example ,  Cu ,  wh ich  would  be  imposs ib le  to  be  
ob ta ined  by c la s s ica l  so l id i f i ca t ion  me thod s  due  to  the  ea sy me l t ing  o f  Cu -  can  
be  s yn thes i zed .  Add i t iona l l y,  a  much  wide r  compos i t ion  r ange  no t  acces s ib le  b y 
the  c la s s ica l  rou te s ,  i s  poss ib le .  A s  an  example ,  the  wide  range  of  che mica l  
compos i t ions  ach ieved  in  re f .  [109 ]  a r e  shown  in  Fig .5g .   
 
4.2 High-ent ropy a l loys  
High -en t rop y a l lo ys ,  wh ich  a re  complex  a l lo ys  cons i s t ing  o f  f ive  o r  more  
pr inc ipa l  e lemen t s ,  have  rece ived  cons ide rab le  a t ten t ion  in  the  ma te r ia l  sc i ence  
communi ty  in  the  l as t  f ew yea rs  [114 ,115] .  H igh -en t ropy a l loys  wi th  mic rome te r  
s ized  g ra ins  a r e  usua l ly  p roces sed  by  me l t ing  and  ca s t ing  o f  the  pure  e lemen ts  
fo l lowed  by ro l l ing  and  recr ys t a l l iz a t ion  [116] .  HPT de fo rma t ion  o f  a s -ca s t  o r  
a r c -me l t ed  coar se  g ra ined  h igh -en t rop y a l loys  has  been  r epo r ted  to  l ead  to  g ra in  
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s ize s  in  the  NC reg ime  [117 –120]  le ad ing  to  ex t r ao rd ina ry h igh  s t r eng th  and  
s t ruc tu ra l  s tab i l i t y.  Desp i te  the i r  exce l l en t  p rope r t ie s ,  i t  i s  a  ra the r  long  p rocess  
–  c as t ing  and  subsequent  de fo rma t ion -   t o  ach ieve  the  des i red  nanos t ruc tu re .  As  
a l t e rna t ive ,  p roces s ing  o f  bu lk  NC  h igh -en t ropy a l lo ys  d i r ec t ly  f rom the  
cons t i tuen t  powder s  u s ing  deforma t ion - induced  a l lo ying  b y HPT as  e ffec t ive  
and  t ime -sav ing  me thod  was  recen t l y  p roposed  in  r e f .  [ 121 ,122 ] .   P owder  
mix tu re s  o f  equ ia tomic  Co,  C r,  Fe ,  Mn  and  N i  we re  p re -compac ted  and  
subsequen t ly  HPT de formed up  to  100  ro ta t ions  wi th  a  p re s su re  o f  5  GPa .  As 
revea led  b y XRD ,  the  mic ros t ruc tu re  f i r s t  evo lved  in to  a  (FCC+  BCC) based  
so l id  so lu t ion  a f t e r  10  ro ta t ions .  A f te r  100  ro ta t ions ,  a  FCC  s ing le  phase  so l i d  
so lu t ion  wi th  an  inc rea sed  la t t i ce  spac ing  fo r  the  FCC la t t i ce  was  ob ta ined .  TEM 
inves t iga t ions  showed  a  NC  mic ros t ruc tu re  wi th  sma l l  amoun t  o f  ch romium 
ox ide  p rec ip i ta te s  ( s i ze  o f  7–10  nm) .  APT ana l ys i s  fu r ther  p ro ved  a l lo ying  and  
a  homogeneous  d i s t r ibu t ion  o f  the  ma jor  cons t i tu t ing  e l emen t s  on  the  nanome ter  
sca le  (Fig .6 ) .  T he  ha rdness  o f  the  as -de fo rmed a l lo y show ed h igh  va lues  o f  
about  6700  MPa.  The  h ighe r  va lues  compared  to  HPT de formed  a s -ca s t  o r  
a r c -me l t ed  CoC r FeMnNi a l loys  (4900–5380  MPa  [117 –120] )  wi th  s imi l a r  g ra in  
s ize  a re  exp la ined  b y add i t iona l  p re c ip i ta t ion  ha rden ing  o f  the  nanome ter  s ized  
ch romium ox ide  pa r t i c le s .  The  obse rved  mechan ica l  a l loying  was  exp la ined  by 
acce le ra t ed  a tomic  d i ffu s iv i ty  and  defec t  i n t roduc t ion  under  HPT cond i t ions  in  
combina t ion  wi th  in t ens ive  mass  t rans fe r  ac ro ss  in te r faces  by  “supe rd i ffu s ive”  
shea r- induced  mix ing  [28 ] .   
In  summary ,  t he  po ten t ia l  o f  HPT p roces s ing  as  innova t ive  and  e ff ec t ive  rou te  
fo r  s yn the t iza t ion  o f  h igh -en t rop y a l loys  i s  demons t ra t ed ,  wi th  man y  more  
op t ions  in  choos ing  the  r ange  o f  compos i t ion s  in  fu ture .  Howeve r,  we  as sume  
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tha t  p rocess ing  o f  s ing le  phase  h igh -en t ropy a l lo ys ,  wh ich  a re  des i r ab le  to  
ach ieve  most  ou ts t and ing  p rope r t ie s ,  b y de forma t ion - induced  mix ing  migh t  be  
on ly poss ib le  in  a  l imi t ed  t empera tu re  range  and  for  compos i t ions  c lose  to  those  
wh ich  have  been  found  to  c rys t a l l iz e  a s  s ing le -phase  so l id  so lu t ions  wi th  
conven t iona l  p roces s ing  rou te s  as  we l l .  
 
4.3 Innovat ive  s tar t ing materia ls  
An impor tan t  i s sue  fo r  deforma t ion - induced  mix ing  i s  the  homoge nei t y  o f  the  
de fo rma t ion  p rocess ,  wh ich  i s  a l so  in f luenced  b y the  s t ruc tura l  homogene i ty  o f  
the  s ta r t ing  ma te r ia l .  Of t en  powder  mix tu re s  a re  u sed  as  s ta r t ing  ma ter i a ls  and  
inhomogene i ty  i s  a  we l l -known  p rob lem.  I t  i s  espec ia l ly  l i ke l y to  occu r  when  the  
va r ious  componen ts  o f  the  powder  mix tu re  d i ff e r  s t rong ly in  s i ze  and  dens i t y.  
One  so lu t ion  migh t  be  labo r ious  t echn iques  o f  mix ing ,  ano the r  the  u se  o f  coa ted  
powder  pa r t i c le s  a s  in i t i a l  s ta r t ing  ma te r i a l ,  wh ic h  means  tha t  any des i r ed  
combina t ions  o f  th in  me ta l  coa t ings  and  sub s t ra t e  me ta l  migh t  be  a t ta ined .  
In  a  f i r s t  fe as ib i l i t y  s tudy  [123 ] ,  Fe  powder s  coa ted  by a  Cu  la ye r  o f  abou t  1  
-2  µ m th ickness  we re  p repa red  by immers ion  depos i t ion  and  subsequen t l y  
induc t ive ly ho t -p res sed  to  ob ta in  a  p re -compac ted  s ta r t ing  mate r i a l .  Fo r  
compar i son ,  a  mix tu re  o f  e l emen ta l  Fe  and  Cu  powders  wi th  s imi la r  powder 
pa r t i c le  s izes  and  ove ra l l  compos i t ion  was  p re -compac ted  in  the  same  wa y a s  the  
coa ted  powder s .  Huge  d i ffe r ences  we r e  a l ready observed  a f te r  t h is  i n i t ia l  
induc t ive  ho t -p re ss ing  s tep .  T he  in i t i a l  mic ro s t ruc ture  o f  the  p re -compacted  
coa ted  powders  cons i s ts  o f  Fe  cores  sepa ra ted  by a  Cu  l ayer  ne twork .  
Fu r the rmore ,  t he  compac ted  ma te r ia l  was  ver y homogene ous  on  a  mac roscop i c  
sca le  (Fig .7a ) .  O n  the  con t ra r y,  t he  mic ros t ruc ture  o f  the  p re -compac ted 
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e lemen ta l  powder  mi x ture  was  chemica l ly  inhomogeneous  ( Fig .  7b )  wi th  
concen t r a t ions  sca t te r ing  on  a  leng th  sca le  tha t  i s  even  comparab le  to  the  s i ze  
o f  sma l l  HPT sample s  (d iame te r  o f  8 -10  mm) .  A qu i t e  coa rse  in i t ia l  Cu  and  Fe  
mic ro s t ruc ture  wi th  each  a  s i ze  up  to  seve ra l  hund red  mic ron s  was  a l so  obse rved  
due  to  pa r t ic le  c lu s t e r ing .  A f te r  HPT defo rma t ion ,  th i s  in i t ia l  s t ruc ture  l eads  to  
inhomogeneous  de fo rma t ion ,  s t ra in  concen t ra t ions  and  non -symmet r ic  ha rdness  
p ro f i l e s .  On  the  ve r y  con t r a r y,  the  in i t i a l  h ighe r  homogene i ty  o f  the  coa ted  
powder  s amp le  r e su l t s  in  a  more  un i fo rm de fo rma t ion  dur ing  HPT p roces s ing ,  a  
h ighe r  ha rdness  even  a t  lower  s t ra in  and  a  r educed  amoun t  o f  s t ra in  neces s a r y to  
reach  the  sa tu ra t ion  s ta t e .  Fu r thermore ,  t he  s ta r t ing  ma te r i a l  in f luences  the  
mechan ica l  mix ing  proces s  as  we l l .  A la rge r  amoun t  o f  Fe  was  d i s so lved  in  the  
Cu  phase ,  and  v ice  ver sa ,  fo r  the  s evere ly  deformed  coa ted  powder  in  th i s  
sa tu ra t ion  s t a te  a s  revea led  by XRD  measu remen ts .  Poss ib le  rea sons  a re  the  
sma l le r  g ra in  s ize  and  h ighe r  dens i t ie s  o f  s to red  d is loca t ions ,  wh ich  a re  bo th  
s tab i l i zed  b y a  h ighe r  amoun t  o f  impur i t i es .   As  shown  b y  XRD ,  the  coa ted  
powder  con ta in ed  a  s ign i f i can t  amoun t  o f  ox ides  wh ich  i s  h ighe r  than  fo r  the  
powder  mix tu re s .   
Anothe r  app roach  to  p reven t  powder  inhomogene i t y  wou ld  be  the  syn thes is  o f  
p re -a l loyed  powder s .  Wi th  ine r t  ga s  condensa t ion ,  fo r  example ,  the  p roduc t ion  
of  pure  me ta l s ,  a l lo ys  and  ox ides  wi th  ave rage  NC g ra in  s i ze s ,  h igh  pu r i t y  and  
un i fo rm nanos t ruc ture s  i s  poss ib l e .  Drawbacks  a re ,  howeve r,  the  low produc t ion  
ra t es  and  tha t  on l y a  l imi t ed  number  o f  me ta l s  and  a l loys  tha t  can  be  vapor i zed .  
Anothe r  op t ion  wou ld  be  the  u se  o f  gas  a tomized  powder s  as  s ta r t ing  ma te r ia l .  
Up  to  now the re  ex i s t s ,  howeve r,  on ly one  s tudy u s ing  gas  a tomized  powder s  in  
combina t ion  wi th  HPT  de fo rma t ion  [112 ] .  A v i s ion  o f  the  fu tu re  wou ld  be  the  
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produc t ion  of  ma te r ia l s  by des ign  u s ing  the  powder  s yn thes i s  rou te ,  whe re  
mu l t ip l e  phases  in  the  fo rm o f  powder  pa r t i c le s  migh t  be  combined  and  
conso l ida ted  b y HPT de fo rma t ion .  
 
5.  Summary and Outlook  
HPT i s  a  SPD techn ique ,  wh ich ,  i n  add i t ion  to  g ra in  re f inemen t ,  c an  be  used  
to  syn thes i ze  bu lk  me tas tab le  ma te r ia l s  and  nove l  nanocompos i te s  hav ing  U FG  
or  NC  s t ruc tu re s .  The  U FG  o r  NC  g ra in  s ize  o f  the se  ma te r i a ls  does  no t  on ly  
re su l t  i n  advanced  mechan ica l  p rope r t ie s .  More  impor tan t ly,  me tas tab le  phases  
and  a l loys  wi th  compos i t ions  beyond  the  equ i l ib r ium phase  d iagrams and  wi th  
fewer  the rmod ynamic  re s t r i c t ions  can  be  des igned .  Mos t  o f  the  s tud ie s  a im to  
deve lop  innova t ive  bu lk  ma te r ia l s  wi th  supe r io r  func t iona l  p rope r t i e s  fo r  fu ture  
app l ica t ions .  The  impor tan t  po in t s  o f  th i s  ove rv iew can  be  summar ized  as  
fo l lows :  
•  Fo r  nea r ly  a l l  HPT syn thes ized  bu lk  ma t e r i a l s ,  u l t rah igh  s t r eng th s  a r e  
repo r ted .  Fu r the rmore ,  an  enhanced  the rmos tab i l i t y  compared  to  pure  
me ta l s  i s  obse rved .  
•  The  magnet i c  p roper t ie s  o f  HPT p roces sed  mate r ia l s  c an  be  ta i lo red  
us ing  phase  t r ans fo rmat ions  o r  phase  fo rma t ions .  Tha t  app l i es  bo th  to  
ha rd  magne t ic  and  to  so f t  magne t i c  ma te r i a l s .  
•  H igh  s t reng th  ma te r ia l s  wi th  good  e l ec t r ica l  conduc t iv i t y  fo r  e l ec t r ica l  
app l ica t ions  can  be  p roces sed  a s  we l l .  
•  Fi r s t  p romis ing  f ea s ib i l i t y  s tud ie s  on  the  syn thes i s  o f  porous  ma ter ia l s ,  
w i th  e ff ic ien t  re s i s t ance  to  r ad ia t ion ,  and  i r rad ia t ion  re s i s tan t  
nanocompos i t es  u s ing  HPT de fo rma t ion  have  been  conduc ted .   
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•  Innova t ive  ma te r i a l s  fo r  so l id  h yd rogen  s to rage  app l i ca t ion  wi th  
enhanced  k ine t ic s  have  been  p roduced  u s ing  defo rma t ion - induced  
mix ing  and  phase  f o rma t ions  b y HPT.  
•  The  f i r s t  pape r s  on  amorphous  ma ter i a ls ,  bu lk  me ta l l i c  g la s s  compos i te s  
and  h igh -en t ropy a l loys  syn thes i zed  b y HPT defo rma t ion ,  wh ich  show 
promis ing  r esu l t s  fo r  the  fu tu re ,  as  we l l  a s  the  u se  o f  innova t ive  s ta r t ing  
ma ter i a ls  a re  p re sen t ed .  
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( 2 0 0 1 )  6 6 3 – 6 7 1 .  
[ 1 0 ]  S . D .  P r o k o s h k i n ,  I . Y .  K h m e l e v s k a y a ,  S . V .  D o b a t k i n ,  
I . B .  T r u b i t s y n a ,  E . V .  T a t y a n i n ,  V . V .  S t o l y a r o v ,  E . A .  
P r o k o f i e v ,  A c t a  M a t e r .  5 3  ( 2 0 0 5 )  2 7 0 3 – 2 7 1 4 .  
[ 1 1 ]  Z .  K o v á c s ,  P .  H e n i t s ,  A . P .  Z h i l y a e v ,  Á .  R é v é s z ,  S c r .  
M a t e r .  5 4  ( 2 0 0 6 )  1 7 3 3 – 1 7 3 7 .  
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[ 1 2 ]  A . A .  M a z i l k i n ,  B . B .  S t r a u m a l ,  S . G .  P r o t a s o v a ,  S .  V  
D o b a t k i n ,  B .  B a r e t z k y ,  J .  M a t e r .  S c i .  4 3  ( 2 0 0 8 )  
3 8 0 0 – 3 8 0 5 .  
[ 1 3 ]  M . T .  P é r e z - P r a d o ,  A . P .  Z h i l y a e v ,  P h y s .  R e v .  L e t t .  1 0 2  
( 2 0 0 9 )  1 7 5 5 0 4 .  
[ 1 4 ]  K .  E d a l a t i ,  Z .  H o r i t a ,  H .  F u j i w a r a ,  K .  A m e y a m a ,  
M e t a l l .  M a t e r .  T r a n s .  A  4 1  ( 2 0 1 0 )  3 3 0 8 – 3 3 1 7 .  
[ 1 5 ]  J .  S o r t ,  A .  Z h i l y a e v ,  M .  Z i e l i n s k a ,  J .  N o g u é s ,  S .  
S u r i ñ a c h ,  J .  T h i b a u l t ,  M . .  B a r ó ,  A c t a  M a t e r .  5 1  ( 2 0 0 3 )  
6 3 8 5 – 6 3 9 3 .  
[ 1 6 ]  K .  E d a l a t i ,  Z .  H o r i t a ,  S .  Y a g i ,  E .  M a t s u b a r a ,  M a t e r .  
S c i .  E n g .  A  5 2 3  ( 2 0 0 9 )  2 7 7 – 2 8 1 .  
[ 1 7 ]  M . T .  P é r e z - P r a d o ,  A . A .  G i m a z o v ,  O . A .  R u a n o ,  M . E .  
K a s s n e r ,  A . P .  Z h i l y a e v ,  S c r .  M a t e r .  5 8  ( 2 0 0 8 )  
2 1 9 – 2 2 2 .  
[ 1 8 ] Y .  T o d a k a ,  J .  S a s a k i ,  T .  M o t o ,  M .  U m e m o t o ,  S c r .  M a t e r .  
5 9  ( 2 0 0 8 )  6 1 5 – 6 1 8 .  
[ 1 9 ]  X .  S a u v a g e ,  P .  J e s s n e r ,  F .  V u r p i l l o t ,  R .  P i p p a n ,  S c r .  
M a t e r .  5 8  ( 2 0 0 8 )  1 1 2 5 – 1 1 2 8 .  
[ 2 0 ]  A .  B a c h m a i e r ,  M .  K e r b e r ,  D .  S e t m a n ,  R .  P i p p a n ,  A c t a  
M a t e r .  6 0  ( 2 0 1 2 )  8 6 0 – 8 7 1 .  
[ 2 1 ]  X .  S a u v a g e ,  F .  W e t s c h e r ,  P .  P a r e i g e ,  A c t a  M a t e r .  5 3  
( 2 0 0 5 )  2 1 2 7 – 2 1 3 5 .  
[ 2 2 ]  Y . Z .  T i a n ,  J . J .  L i ,  P .  Z h a n g ,  S . D .  W u ,  Z . F .  Z h a n g ,  M .  
K a w a s a k i ,  T . G .  L a n g d o n ,  A c t a  M a t e r .  6 0  ( 2 0 1 2 )  
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2 6 9 – 2 8 1 .  
[ 2 3 ]  B . .  S t r a u m a l ,  B .  B a r e t z k y ,  A . .  M a z i l k i n ,  F .  P h i l l i p p ,  
O . .  K o g t e n k o v a ,  M . .  V o l k o v ,  R . .  V a l i e v ,  A c t a  M a t e r .  
5 2  ( 2 0 0 4 )  4 4 6 9 – 4 4 7 8 .  
[ 2 4 ]  K . S .  K o r m o u t ,  P .  G h o s h ,  A .  B a c h m a i e r ,  A .  
H o h e n w a r t e r ,  R .  P i p p a n ,  A c t a  M a t e r .  1 5 4  ( 2 0 1 8 ) .  
[ 2 5 ]  Y .  A s h k e n a z y ,  N . Q .  V o ,  D .  S c h w e n ,  R . S .  A v e r b a c k ,  P .  
B e l l o n ,  A c t a  M a t e r .  6 0  ( 2 0 1 2 )  9 8 4 – 9 9 3 .  
[ 2 6 ]  N . Q .  V o ,  J .  Z h o u ,  Y .  A s h k e n a z y ,  D .  S c h w e n ,  R . S .  
A v e r b a c k ,  P .  B e l l o n ,  J O M  6 5  ( 2 0 1 3 )  3 8 2 – 3 8 9 .  
[ 2 7 ]  Y .  A s h k e n a z y ,  N .  P a n t ,  J .  Z h o u ,  P .  B e l l o n ,  R . S .  
A v e r b a c k ,  A c t a  M a t e r .  1 3 9  ( 2 0 1 7 )  2 0 5 – 2 1 4 .  
[ 2 8 ]  S . N .  A r s h a d ,  T . G .  L a c h ,  M .  P o u r y a z d a n ,  H .  H a h n ,  P .  
B e l l o n ,  S . J .  D i l l o n ,  R . S .  A v e r b a c k ,  S c r .  M a t e r .  6 8  
( 2 0 1 3 )  2 1 5 – 2 1 8 .  
[ 2 9 ]  D .  R a a b e ,  S .  O h s a k i ,  K .  H o n o ,  A c t a  M a t e r .  5 7  ( 2 0 0 9 )  
5 2 5 4 – 5 2 6 3 .  
[ 3 0 ]  C .  G e n t e ,  M .  O e h r i n g ,  R .  B o r m a n n ,  P h y s .  R e v .  B  4 8  
( 1 9 9 3 )  1 3 2 4 4 – 1 3 2 5 2 .  
[ 3 1 ]  G .  V e l t l ,  B .  S c h o l z ,  H . - D .  K u n z e ,  M a t e r .  S c i .  E n g .  A  
1 3 4  ( 1 9 9 1 )  1 4 1 0 – 1 4 1 3 .  
[ 3 2 ]  X .  S a u v a g e ,  F .  W e t s c h e r ,  P .  P a r e i g e ,  A c t a  M a t e r .  5 3  
( 2 0 0 5 )  2 1 2 7 – 2 1 3 5 .  
[ 3 3 ]  P .  B e l l o n ,  R . S .  A v e r b a c k ,  P h y s .  R e v .  L e t t .  7 4  ( 1 9 9 5 )  
1 8 1 9 – 1 8 2 2 .  
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[ 3 4 ] Y .  I v a n i s e n k o ,  W .  L o j k o w s k i ,  R . Z .  V a l i e v ,  H . - J .  F e c h t ,  
A c t a  M a t e r .  5 1  ( 2 0 0 3 )  5 5 5 5 – 5 5 7 0 .  
[ 3 5 ]  D .  R a a b e ,  S .  O h s a k i ,  K .  H o n o ,  A c t a  M a t e r .  5 7  ( 2 0 0 9 )  
5 2 5 4 – 5 2 6 3 .  
[ 3 6 ]  K . S .  K o r m o u t ,  R .  P i p p a n ,  A .  B a c h m a i e r ,  A d v .  E n g .  
M a t e r .  1 9  ( 2 0 1 7 ) .  
[ 3 7 ]  B . B .  S t r a u m a l ,  A . A .  M a z i l k i n ,  B .  B a r e t z k y ,  G .  
S c h & u u m l ; t z ,  E .  R a b k i n ,  R . Z .  V a l i e v ,  M a t e r .  T r a n s .  5 3  
( 2 0 1 2 )  6 3 – 7 1 .  
[ 3 8 ]  G .  W i l d e ,  H .  R ö s n e r ,  J .  M a t e r .  S c i .  4 2  ( 2 0 0 7 )  
1 7 7 2 – 1 7 8 1 .  
[ 3 9 ]  Y . F .  S u n ,  T .  N a k a m u r a ,  Y .  T o d a k a ,  M .  U m e m o t o ,  N .  
T s u j i ,  I n t e r m e t a l l i c s  1 7  ( 2 0 0 9 )  2 5 6 – 2 6 1 .  
[ 4 0 ] C .  R e n t e n b e r g e r ,  T .  W a i t z ,  H . P .  K a r n t h a l e r ,  M a t e r .  S c i .  
E n g .  A  4 6 2  ( 2 0 0 7 )  2 8 3 – 2 8 8 .  
[ 4 1 ] M .  P e t e r l e c h n e r ,  T .  W a i t z ,  H . P .  K a r n t h a l e r ,  S c r .  M a t e r .  
6 0  ( 2 0 0 9 )  1 1 3 7 – 1 1 4 0 .  
[ 4 2 ] M .  P e t e r l e c h n e r ,  T .  W a i t z ,  H . P .  K a r n t h a l e r ,  S c r .  M a t e r .  
5 9  ( 2 0 0 8 )  5 6 6 – 5 6 9 .  
[ 4 3 ]  S . D .  P r o k o s h k i n ,  I . Y .  K h m e l e v s k a y a ,  S . V .  D o b a t k i n ,  
I . B .  T r u b i t s y n a ,  E . V .  T a t y a n i n ,  V . V .  S t o l y a r o v ,  E . A .  
P r o k o f i e v ,  A c t a  M a t e r .  5 3  ( 2 0 0 5 )  2 7 0 3 – 2 7 1 4 .  
[ 4 4 ]  A .  B a c h m a i e r ,  G . B .  R a t h m a y r ,  M .  B a r t o s i k ,  D .  A p e l ,  
Z .  Z h a n g ,  R .  P i p p a n ,  A c t a  M a t e r .  6 9  ( 2 0 1 4 ) .  
[ 4 5 ]  Z .  Z h a n g ,  J .  G u o ,  G .  D e h m ,  R .  P i p p a n ,  A c t a  M a t e r .  1 3 8  
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( 2 0 1 7 )  4 2 – 5 1 .  
[ 4 6 ] J .  G u o ,  G .  H a b e r f e h l n e r ,  J .  R o s a l i e ,  L .  L i ,  M . J .  D u a r t e ,  
G .  K o t h l e i t n e r ,  G .  D e h m ,  Y .  H e ,  R .  P i p p a n ,  Z .  Z h a n g ,  
N a t .  C o m m u n .  9  ( 2 0 1 8 )  1 – 9 .  
[ 4 7 ]  D .  E d w a r d s ,  I .  S a b i r o v ,  W .  S i g l e ,  R .  P i p p a n ,  P h i l o s .  
M a g .  9 2  ( 2 0 1 2 )  4 1 5 1 – 4 1 6 6 .  
[ 4 8 ]  I .  S a b i r o v ,  R .  P i p p a n ,  S c r .  M a t e r .  5 2  ( 2 0 0 5 )  
1 2 9 3 – 1 2 9 8 .  
[ 4 9 ]  A .  B a c h m a i e r ,  M .  K e r b e r ,  D .  S e t m a n ,  R .  P i p p a n ,  A c t a  
M a t e r .  6 0  ( 2 0 1 2 )  8 6 0 – 8 7 1 .  
[ 5 0 ]  A .  B a c h m a i e r ,  C .  M o t z ,  M a t e r .  S c i .  E n g .  A  6 2 4  ( 2 0 1 5 ) .  
[ 5 1 ]  A .  B a c h m a i e r ,  M .  P f a f f ,  M .  S t o l p e ,  H .  A b o u l f a d l ,  C .  
M o t z ,  A c t a  M a t e r .  9 6  ( 2 0 1 5 ) .  
[ 5 2 ]  N .  I b r a h i m ,  M .  P e t e r l e c h n e r ,  F .  E m e i s ,  M .  W e g n e r ,  S .  
V .  D i v i n s k i ,  G .  W i l d e ,  M a t e r .  S c i .  E n g .  A  6 8 5  ( 2 0 1 7 )  
1 9 – 3 0 .  
[ 5 3 ]  R . Z .  V a l i e v ,  G . F .  K o r z n i k o v a ,  K . Y .  M u l y u k o v ,  R . S .  
M i s h r a ,  A . K .  M u k h e r j e e ,  P h i l o s .  M a g .  B  7 5  ( 1 9 9 7 )  
8 0 3 – 8 1 1 .  
[ 5 4 ]  K . Y .  M u l y u k o v ,  G . F .  K o r z n i k o v a ,  R . F .  V a l i e v ,  P h y s .  
S t a t u s  S o l i d i  1 2 5  ( 1 9 9 1 )  6 0 9 – 6 1 4 .  
[ 5 5 ]  S .  N i s h i h a t a ,  K .  S u e h i r o ,  M .  A r i t a ,  M .  M a s u d a ,  Z .  
H o r i t a ,  A d v .  E n g .  M a t e r .  1 2  ( 2 0 1 0 )  7 9 3 – 7 9 7 .  
[ 5 6 ]  K .  S u e h i r o ,  S .  N i s h i m u r a ,  Z .  H o r i t a ,  S .  M i t a n i ,  K .  
T a k a n a s h i ,  H .  F u j i m o r i ,  J .  M a t e r .  S c i .  4 3  ( 2 0 0 8 )  7 3 4 9 .  
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[ 5 7 ]  B . B .  S t r a u m a l ,  S . G .  P r o t a s o v a ,  A . A .  M a z i l k i n ,  O . A .  
K o g t e n k o v a ,  L .  K u r m a n a e v a ,  B .  B a r e t z k y ,  G .  S c h ü t z ,  
A .  K o r n e v a ,  P .  Z i ę b a ,  M a t e r .  L e t t .  9 8  ( 2 0 1 3 )  2 1 7 – 2 2 1 .  
[ 5 8 ]  B . B .  S t r a u m a l ,  S . G .  P r o t a s o v a ,  A . A .  M a z i l k i n ,  B .  
B a r e t z k y ,  D .  G o l l ,  D .  V  G u n d e r o v ,  R . Z .  V a l i e v ,  P h i l o s .  
M a g .  L e t t .  8 9  ( 2 0 0 9 )  6 4 9 – 6 5 4 .  
[ 5 9 ]  A .  B a c h m a i e r ,  H .  K r e n n ,  P .  K n o l l ,  H .  A b o u l f a d l ,  R .  
P i p p a n ,  J .  A l l o y s  C o m p d .  7 2 5  ( 2 0 1 7 )  7 4 4 – 7 4 9 .  
[ 6 0 ]  M .  S t ü c k l e r ,  H .  K r e n n ,  R .  P i p p a n ,  L .  W e i s s i t s c h ,  S .  
W u r s t e r ,  A .  B a c h m a i e r ,  M .  S t ü c k l e r ,  H .  K r e n n ,  R .  
P i p p a n ,  L .  W e i s s i t s c h ,  S .  W u r s t e r ,  A .  B a c h m a i e r ,  
N a n o m a t e r i a l s  9  ( 2 0 1 8 )  6 .  
[ 6 1 ]  A . G .  P o p o v ,  D . V .  G y n d e r o v ,  V . V .  S t o l y a r o v ,  J .  M a g n .  
M a g n .  M a t e r .  1 5 7 – 1 5 8  ( 1 9 9 6 )  3 3 – 3 4 .  
[ 6 2 ]  V . V .  S t o l y a r o v ,  D . V .  G u n d e r o v ,  R . Z .  V a l i e v ,  A . G .  
P o p o v ,  V . S .  G a v i k o ,  A . S .  E r m o l e n k o ,  J .  M a g n .  M a g n .  
M a t e r .  1 9 6 – 1 9 7  ( 1 9 9 9 )  1 6 6 – 1 6 8 .  
[ 6 3 ]  V . V .  S t o l y a r o v ,  D . V .  G u n d e r o v ,  A . G .  P o p o v ,  V . S .  
G a v i k o ,  A . S .  E r m o l e n k o ,  J .  A l l o y s  C o m p d .  2 8 1  ( 1 9 9 8 )  
6 9 – 7 1 .  
[ 6 4 ]  B . B .  S t r a u m a l ,  A . R .  K i l m a m e t o v ,  A . A .  M a z i l k i n ,  S . G .  
P r o t a s o v a ,  K . I .  K o l e s n i k o v a ,  P . B .  S t r a u m a l ,  B .  
B a r e t z k y ,  M a t e r .  L e t t .  1 4 5  ( 2 0 1 5 )  6 3 – 6 6 .  
[ 6 5 ]  B . B .  S t r a u m a l ,  A . A .  M a z i l k i n ,  S . G .  P r o t a s o v a ,  D . V .  
G u n d e r o v ,  G . A .  L ó p e z ,  B .  B a r e t z k y ,  M a t e r .  L e t t .  1 6 1  
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( 2 0 1 5 )  7 3 5 – 7 3 9 .  
[ 6 6 ]  A . G .  P o p o v ,  V . S .  G a v i k o ,  N . N .  S h c h e g o l e v a ,  L . A .  
S h r e d e r ,  D . V .  G u n d e r o v ,  V . V .  S t o l y a r o v ,  W .  L i ,  L . L .  
L i ,  X . Y .  Z h a n g ,  J .  I r o n  S t e e l  R e s .  I n t .  1 3  ( 2 0 0 6 )  
1 6 0 – 1 6 5 .  
[ 6 7 ]  W .  L i ,  L .  L i ,  Y .  N a n ,  X .  L i ,  X .  Z h a n g ,  D .  V .  G u n d e r o v ,  
V .  V .  S t o l y a r o v ,  A . G .  P o p o v ,  A p p l .  P h y s .  L e t t .  9 1  
( 2 0 0 7 )  0 6 2 5 0 9 .  
[ 6 8 ] A . G .  P o p o v ,  V .  V  S e r i k o v ,  N . M .  K l e i n e r m a n ,  P h y s .  M e t .  
M e t a l l o g r .  1 0 9  ( 2 0 1 0 )  5 0 5 – 5 1 3 .  
[ 6 9 ]  D .  V .  G u n d e r o v ,  V .  V .  S t o l y a r o v ,  J .  A p p l .  P h y s .  1 0 8  
( 2 0 1 0 )  0 5 3 9 0 1 .  
[ 7 0 ]  H .  L i ,  W .  L i ,  Y .  Z h a n g ,  D .  V .  G u n d e r o v ,  X .  Z h a n g ,  J .  
A l l o y s  C o m p d .  6 5 1  ( 2 0 1 5 )  4 3 4 – 4 3 9 .  
[ 7 1 ]  H .  L i ,  L .  L o u ,  F .  H o u ,  D .  G u o ,  W .  L i ,  X .  L i ,  D .  V .  
G u n d e r o v ,  K .  S a t o ,  X .  Z h a n g ,  A p p l .  P h y s .  L e t t .  1 0 3  
( 2 0 1 3 )  1 4 2 4 0 6 .  
[ 7 2 ]  W .  L i ,  X .  L i ,  D .  G u o ,  K .  S a t o ,  D .  V .  G u n d e r o v ,  V .  V .  
S t o l y a r o v ,  X .  Z h a n g ,  A p p l .  P h y s .  L e t t .  9 4  ( 2 0 0 9 )  
2 3 1 9 0 4 .  
[ 7 3 ]  R . K .  I s l a m g a l i e v ,  K . M .  N e s t e r o v ,  J .  B o u r g o n ,  Y .  
C h a m p i o n ,  R . Z .  V a l i e v ,  J .  A p p l .  P h y s .  1 1 5  ( 2 0 1 4 )  1 – 5 .  
[ 7 4 ]  S .  V .  D o b a t k i n ,  J .  G u b i c z a ,  D .  V .  S h a n g i n a ,  N . R .  
B o c h v a r ,  N . Y .  T a b a c h k o v a ,  M a t e r .  L e t t .  1 5 3  ( 2 0 1 5 )  
5 – 9 .  
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[ 7 5 ]  B . D .  L o n g ,  M .  U m e m o t o ,  Y .  T o d a k a ,  R .  O t h m a n ,  H .  
Z u h a i l a w a t i ,  M a t e r .  S c i .  E n g .  A  5 2 8  ( 2 0 1 1 )  
1 7 5 0 – 1 7 5 6 .  
[ 7 6 ]  J . M .  C u b e r o - S e s i n ,  M .  A r i t a ,  Z .  H o r i t a ,  A d v .  E n g .  
M a t e r .  1 7  ( 2 0 1 5 )  1 7 9 2 – 1 8 0 3 .  
[ 7 7 ]  J . M .  C u b e r o - S e s i n ,  Z .  H o r i t a ,  J .  M a t e r .  S c i .  4 8  ( 2 0 1 3 )  
4 7 1 3 – 4 7 2 2 .  
[ 7 8 ]  A . E .  M e d v e d e v ,  M . Y .  M u r a s h k i n ,  N . A .  E n i k e e v ,  R . Z .  
V a l i e v ,  P . D .  H o d g s o n ,  R .  L a p o v o k ,  A d v .  E n g .  M a t e r .  
2 0  ( 2 0 1 8 )  1 7 0 0 8 6 7 .  
[ 7 9 ]  M . Y .  M u r a s h k i n ,  I .  S a b i r o v ,  A . E .  M e d v e d e v ,  N . A .  
E n i k e e v ,  W .  L e f e b v r e ,  R . Z .  V a l i e v ,  X .  S a u v a g e ,  M a t e r .  
D e s .  9 0  ( 2 0 1 6 )  4 3 3 – 4 4 2 .  
[ 8 0 ]  A . E .  M e d v e d e v ,  M . Y .  M u r a s h k i n ,  N . A .  E n i k e e v ,  R . Z .  
V a l i e v ,  P . D .  H o d g s o n ,  R .  L a p o v o k ,  J .  A l l o y s  C o m p d .  
7 4 5  ( 2 0 1 8 )  6 9 6 – 7 0 4 .  
[ 8 1 ]  K .  E d a l a t i ,  T .  D a i o ,  S .  L e e ,  Z .  H o r i t a ,  T .  N i s h i z a k i ,  
T .  A k u n e ,  T .  N o j i m a ,  T .  S a s a k i ,  A c t a  M a t e r .  8 0  ( 2 0 1 4 )  
1 4 9 – 1 5 8 .  
[ 8 2 ]  Z .  Z h a n g ,  Y .  W a n g ,  Z .  Q i ,  W .  Z h a n g ,  J .  Q i n ,  J .  F r e n z e l ,  
J .  P h y s .  C h e m .  C  1 1 3  ( 2 0 0 9 )  1 2 6 2 9 – 1 2 6 3 6 .  
[ 8 3 ]  T . A .  R e b b e c c h i ,  Y .  C h e n ,  J .  M a t e r .  R e s .  3 3  ( 2 0 1 8 )  
2 – 1 5 .  
[ 8 4 ]  M .  W u r m s h u b e r ,  D .  F r a z e r ,  A .  B a c h m a i e r ,  Y .  W a n g ,  P .  
H o s e m a n n ,  D .  K i e n e r ,  M a t e r .  D e s .  1 6 0  ( 2 0 1 8 )  
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1 1 4 8 – 1 1 5 7 .  
[ 8 5 ]  M .  K r e u z e d e r ,  M . - D .  A b a d ,  M . - M .  P r i m o r a c ,  P .  
H o s e m a n n ,  V .  M a i e r ,  D .  K i e n e r ,  J .  M a t e r .  S c i .  5 0  
( 2 0 1 5 )  6 3 4 – 6 4 3 .  
[ 8 6 ]  A .  L e i t n e r ,  V .  M a i e r - K i e n e r ,  J .  J e o n g ,  M . D .  A b a d ,  P .  
H o s e m a n n ,  S . H .  O h ,  D .  K i e n e r ,  A c t a  M a t e r .  1 2 1  ( 2 0 1 6 )  
1 0 4 – 1 1 6 .  
[ 8 7 ]  N . A .  M a r a ,  A .  M i s r a ,  R . G .  H o a g l a n d ,  A . V .  S e r g u e e v a ,  
T .  T a m a y o ,  P .  D i c k e r s o n ,  A . K .  M u k h e r j e e ,  M a t e r .  S c i .  
E n g .  A  4 9 3  ( 2 0 0 8 )  2 7 4 – 2 8 2 .  
[ 8 8 ]  K .  H a t t a r ,  M . J .  D e m k o w i c z ,  A .  M i s r a ,  I . M .  R o b e r t s o n ,  
R . G .  H o a g l a n d ,  S c r .  M a t e r .  5 8  ( 2 0 0 8 )  5 4 1 – 5 4 4 .  
[ 8 9 ]  A .  M i s r a ,  M . J .  D e m k o w i c z ,  X .  Z h a n g ,  R . G .  H o a g l a n d ,  
J O M  5 9  ( 2 0 0 7 )  6 2 – 6 5 .  
[ 9 0 ]  M . - M .  P r i m o r a c ,  M . D .  A b a d ,  P .  H o s e m a n n ,  M .  
K r e u z e d e r ,  V .  M a i e r ,  D .  K i e n e r ,  M a t e r .  S c i .  E n g .  A  6 2 5  
( 2 0 1 5 )  2 9 6 – 3 0 2 .  
[ 9 1 ]  D . R .  L e i v a ,  A . M .  J o r g e ,  T . T .  I s h i k a w a ,  J .  H u o t ,  D .  
F r u c h a r t ,  S .  M i r a g l i a ,  C . S .  K i m i n a m i ,  W . J .  B o t t a ,  A d v .  
E n g .  M a t e r .  1 2  ( 2 0 1 0 )  7 8 6 – 7 9 2 .  
[ 9 2 ]  K .  E d a l a t i ,  E .  A k i b a ,  Z .  H o r i t a ,  S c i .  T e c h n o l .  A d v .  
M a t e r .  1 9  ( 2 0 1 8 )  1 8 5 – 1 9 3 .  
[ 9 3 ] H .  E m a m i ,  K .  E d a l a t i ,  A .  S t a y k o v ,  T .  H o n g o ,  H .  I w a o k a ,  
Z .  H o r i t a ,  E .  A k i b a ,  R S C  A d v .  6  ( 2 0 1 6 )  1 1 6 6 5 – 1 1 6 7 4 .  
[ 9 4 ] K .  E d a l a t i ,  H .  E m a m i ,  A .  S t a y k o v ,  D . J .  S m i t h ,  E .  A k i b a ,  
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Z .  H o r i t a ,  A c t a  M a t e r .  9 9  ( 2 0 1 5 )  1 5 0 – 1 5 6 .  
[ 9 5 ]  K .  E d a l a t i ,  H .  E m a m i ,  Y .  I k e d a ,  H .  I w a o k a ,  I .  T a n a k a ,  
E .  A k i b a ,  Z .  H o r i t a ,  A c t a  M a t e r .  1 0 8  ( 2 0 1 6 )  2 9 3 – 3 0 3 .  
[ 9 6 ]  K .  E d a l a t i ,  R .  U e h i r o ,  K .  F u j i w a r a ,  Y .  I k e d a ,  H . - W .  L i ,  
X .  S a u v a g e ,  R . Z .  V a l i e v ,  E .  A k i b a ,  I .  T a n a k a ,  Z .  
H o r i t a ,  M a t e r .  S c i .  E n g .  A  7 0 1  ( 2 0 1 7 )  1 5 8 – 1 6 6 .  
[ 9 7 ]  K .  E d a l a t i ,  R .  U e h i r o ,  Y .  I k e d a ,  H . - W .  L i ,  H .  E m a m i ,  
Y .  F i l i n c h u k ,  M .  A r i t a ,  X .  S a u v a g e ,  I .  T a n a k a ,  E .  
A k i b a ,  Z .  H o r i t a ,  A c t a  M a t e r .  1 4 9  ( 2 0 1 8 )  8 8 – 9 6 .  
[ 9 8 ]  K .  F u j i w a r a ,  R .  U e h i r o ,  K .  E d a l a t i ,  H . - W .  L i ,  R .  
F l o r i a n o ,  E .  A k i b a ,  Z .  H o r i t a ,  M a t e r .  T r a n s .  5 9  ( 2 0 1 8 )  
7 4 1 – 7 4 6 .  
[ 9 9 ]  K .  E d a l a t i ,  H .  S h a o ,  H .  E m a m i ,  H .  I w a o k a ,  E .  A k i b a ,  
Z .  H o r i t a ,  I n t .  J .  H y d r o g e n  E n e r g y  4 1  ( 2 0 1 6 )  
8 9 1 7 – 8 9 2 4 .  
[ 1 0 0 ] J .  E c k e r t ,  J .  D a s ,  S .  P a u l y ,  C .  D u h a m e l ,  J .  M a t e r .  R e s .  
2 2  ( 2 0 0 7 )  2 8 5 – 3 0 1 .  
[ 1 0 1 ]  C . C .  H a y s ,  C . P .  K i m ,  W . L .  J o h n s o n ,  P h y s .  R e v .  L e t t .  
8 4  ( 2 0 0 0 )  2 9 0 1 – 2 9 0 4 .  
[ 1 0 2 ]  L .  P e r r i è r e ,  Y .  C h a m p i o n ,  M a t e r .  S c i .  E n g .  A  5 4 8  
( 2 0 1 2 )  1 1 2 – 1 1 7 .  
[ 1 0 3 ]  J . P .  K e l l y ,  S . M .  F u l l e r ,  K .  S e o ,  E .  N o v i t s k a y a ,  V .  
E l i a s s o n ,  A . M .  H o d g e ,  O . A .  G r a e v e ,  M a t e r .  D e s .  9 3  
( 2 0 1 6 )  2 6 – 3 8 .  
[ 1 0 4 ]  R . D .  C o n n e r ,  R . B .  D a n d l i k e r ,  W . L .  J o h n s o n ,  A c t a  
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M a t e r .  4 6  ( 1 9 9 8 )  6 0 8 9 – 6 1 0 2 .  
[ 1 0 5 ]  S . T .  D e n g ,  H .  D i a o ,  Y . L .  C h e n ,  C .  Y a n ,  H . F .  Z h a n g ,  
A . M .  W a n g ,  Z . Q .  H u ,  S c r .  M a t e r .  6 4  ( 2 0 1 1 )  8 5 – 8 8 .  
[ 1 0 6 ]  R . T .  O t t ,  C .  F a n ,  J .  L i ,  T . C .  H u f n a g e l ,  J .  N o n .  C r y s t .  
S o l i d s  3 1 7  ( 2 0 0 3 )  1 5 8 – 1 6 3 .  
[ 1 0 7 ]  Y .  W u ,  H .  W a n g ,  H . H .  W u ,  Z . Y .  Z h a n g ,  X . D .  H u i ,  G . L .  
C h e n ,  D .  M a ,  X . L .  W a n g ,  Z . P .  L u ,  A c t a  M a t e r .  5 9  
( 2 0 1 1 )  2 9 2 8 – 2 9 3 6 .  
[ 1 0 8 ]  X .  S a u v a g e ,  Y .  C h a m p i o n ,  R .  P i p p a n ,  F .  C u v i l l y ,  L .  
P e r r i è r e ,  A .  A k h a t o v a ,  O .  R e n k ,  J .  M a t e r .  S c i .  4 9  
( 2 0 1 4 )  5 6 4 0 – 5 6 4 5 .  
[ 1 0 9 ]  L .  K r ä m e r ,  Y .  C h a m p i o n ,  R .  P i p p a n ,  S c i .  R e p .  7  
( 2 0 1 7 )  6 6 5 1 .  
[ 1 1 0 ]  Y . F .  S u n ,  H .  F u j i i ,  N .  T s u j i ,  Y .  T o d a k a ,  M .  U m e m o t o ,  
J .  A l l o y s  C o m p d .  4 9 2  ( 2 0 1 0 )  1 4 9 – 1 5 2 .  
[ 1 1 1 ]  L .  K r ä m e r ,  Y .  C h a m p i o n ,  K . S .  K o r m o u t ,  V .  
M a i e r - K i e n e r ,  R .  P i p p a n ,  I n t e r m e t a l l i c s  9 4  ( 2 0 1 8 )  
1 7 2 – 1 7 8 .  
[ 1 1 2 ]  A . R .  Y a v a r i ,  W . J . B .  F i l h o ,  C . A . D .  R o d r i g u e s ,  C .  
C a r d o s o ,  R . Z .  V a l i e v ,  S c r .  M a t e r .  4 6  ( 2 0 0 2 )  7 1 1 – 7 1 6 .  
[ 1 1 3 ]  J .  S o r t ,  D . C .  I l e ,  A . P .  Z h i l y a e v ,  A .  C o n c u s t e l l ,  T .  
C z e p p e ,  M .  S t o i c a ,  S .  S u r i ñ a c h ,  J .  E c k e r t ,  M . D .  B a r ó ,  
S c r .  M a t e r .  5 0  ( 2 0 0 4 )  1 2 2 1 – 1 2 2 5 .  
[ 1 1 4 ]  M . - H .  T s a i ,  J . - W .  Y e h ,  M a t e r .  R e s .  L e t t .  2  ( 2 0 1 4 )  
1 0 7 – 1 2 3 .  
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[ 1 1 5 ] D . B .  M i r a c l e ,  J . D .  M i l l e r ,  O . N .  S e n k o v ,  C .  W o o d w a r d ,  
M . D .  U c h i c ,  J .  T i l e y ,  E n t r o p y  1 6  ( 2 0 1 4 )  4 9 4 – 5 2 5 .  
[ 1 1 6 ]  B .  C a n t o r ,  I . T . H .  C h a n g ,  P .  K n i g h t ,  A . J . B .  V i n c e n t ,  
M a t e r .  S c i .  E n g .  A  3 7 5 – 3 7 7  ( 2 0 0 4 )  2 1 3 – 2 1 8 .  
[ 1 1 7 ]  D . - H .  L e e ,  I . - C .  C h o i ,  M . - Y .  S e o k ,  J .  H e ,  Z .  L u ,  J . - Y .  
S u h ,  M .  K a w a s a k i ,  T . G .  L a n g d o n ,  J .  J a n g ,  J .  M a t e r .  R e s .  
3 0  ( 2 0 1 5 )  2 8 0 4 – 2 8 1 5 .  
[ 1 1 8 ]  H .  S h a h m i r ,  J .  H e ,  Z .  L u ,  M .  K a w a s a k i ,  T . G .  L a n g d o n ,  
M a t e r .  S c i .  E n g .  A  6 8 5  ( 2 0 1 7 )  3 4 2 – 3 4 8 .  
[ 1 1 9 ]  B .  S c h u h ,  F .  M e n d e z - M a r t i n ,  B .  V ö l k e r ,  E . P .  G e o r g e ,  
H .  C l e m e n s ,  R .  P i p p a n ,  A .  H o h e n w a r t e r ,  A c t a  M a t e r .  
9 6  ( 2 0 1 5 )  2 5 8 – 2 6 8 .  
[ 1 2 0 ]  A .  H e c z e l ,  M .  K a w a s a k i ,  J . L .  L á b á r ,  J .  J a n g ,  T . G .  
L a n g d o n ,  J .  G u b i c z a ,  J .  A l l o y s  C o m p d .  7 1 1  ( 2 0 1 7 )  
1 4 3 – 1 5 4 .  
[ 1 2 1 ]  A .  K i l m a m e t o v ,  R .  K u l a g i n ,  A .  M a z i l k i n ,  S .  S e i l s ,  T .  
B o l l ,  M .  H e i l m a i e r ,  H .  H a h n ,  S c r .  M a t e r .  1 5 8  ( 2 0 1 9 )  
2 9 – 3 3 .  
[ 1 2 2 ]  R .  K u l a g i n ,  Y .  B e y g e l z i m e r ,  Y .  I v a n i s e n k o ,  A .  
M a z i l k i n ,  H .  H a h n ,  I O P  C o n f .  S e r .  M a t e r .  S c i .  E n g .  1 9 4  
( 2 0 1 7 )  0 1 2 0 4 5 .  
[ 1 2 3 ] T .  M ü l l e r ,  A .  B a c h m a i e r ,  E .  N e u b a u e r ,  M .  K i t z m a n t e l ,  
R .  P i p p a n ,  M e t a l s  ( B a s e l ) .  6  ( 2 0 1 6 )  2 2 8 .  
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C a p t i o n s  L i s t  
 
F i g . 1 :  T K D  i m a g e s  o f  C o 2 8 w t . % - C u  ( a ) ,  C o 4 9 w t . % - C u  ( b ) ,  
a n d  C o 6 7 w t . % - C u  ( c )  i n  t h e  a s - d e f o r m e d  s t a t e .  I n  ( d ) ,  
c o e r c i v i t y  a n d  s a t u r a t i o n  m a g n e t i z a t i o n  a r e  p l o t t e d  f o r  
t h e  d i f f e r e n t  C o  c o m p o s i t i o n s .  T h e  g r e y  d o t t e d  l i n e  
i n d i c a t e  t h e  m a g n e t i c  m o m e n t  o f  F C C - C o  [ 6 0 ] .  
F i g . 2 :  ( a )  S T E M - H A A D F  i m a g e  s h o w i n g  t h e  
m i c r o s t r u c t u r e  o f  t h e  H P T  d e f o r m e d  A l – 5 . 4 w t %  
C e - 3 . 1 w t %  L a  a l l o y  w i t h  a  s m a l l  p a r t i c l e  o n  a  g r a i n  
b o u n d a r y .  T h e  E D S  l i n e  p r o f i l e  a n a l y s i s  a l o n g  t h e  g r a i n  
b o u n d a r y  ( i n d i c a t e d  b y  t h e  r e d  a r r o w )  i n d i c a t e s  C e  a n d  
L a  s e g r e g a t i o n .  ( b )  H i g h  r e s o l u t i o n  H A A D F  S T E M  i m a g e  
i n  [ 0 0 1 ]  z o n e  a x i s  o f  t h e  A l  m a t r i x .  T h e  a t o m i c  c o l u m n ,  
w h i c h  a r e  s i g n i f i c a n t l y  b r i g h t e r  t h a t  t h e  a v e r a g e  a r e  
s u g g e s t e d  t o  c o n t a i n  a t  l e a s t  o n e  r a r e  e a r t h  a t o m  [ 7 9 ] .  
( c )  T r a n s i t i o n  t e m p e r a t u r e  f o r  s u p e r c o n d u c t i v i t y  T c  a s  
f u n c t i o n  o f  s h e a r  s t r a i n  a n d  a n n e a l i n g  t i m e  [ 8 1 ] .  
F i g . 3 :  D i f f e r e n t  m i c r o s t r u c t u r a l  s t a t e s  d u r i n g  
f a b r i c a t i o n  o f  C u - A g  p o r o u s  m a t e r i a l  b y  H P T  [ 8 4 ] .  ( a )  
S E M  m i c r o g r a p h  o f  t h e  i n i t i a l  C u - F e - A g  m a t e r i a l .  ( b )  
B r i g h t  f i e l d  T E M  m i c r o g r a p h  o f  t h e  m a t e r i a l  a f t e r  H P T  
d e f o r m a t i o n .  ( c )  B r i g h t  f i e l d  T E M  m i c r o g r a p h  a f t e r  h e a t  
t r e a t m e n t  a t  4 0 0 ° C  f o r  1 h .  ( d )  B r i g h t  f i e l d  T E M  
m i c r o g r a p h  a f t e r  h e a t  t r e a t m e n t  a t  6 0 0 ° C  f o r  1 h .  ( e )  S E M  
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m i c r o g r a p h  o f  t h e  C u - A g  p o r o u s  m a t e r i a l .   
F i g . 4 :  ( a )  H i g h - r e s o l u t i o n  H A A D F  l a t t i c e  i m a g e  a n d  
c o r r e s p o n d i n g  E D S  m a p p i n g s  o f  M g - b a s e d  n a n o c l u s t e r s  
a t  t h e  h i g h e s t  a m o u n t  o f  s t r a i n .  ( b )  H y d r o g e n a t i o n  
k i n e t i c s  a f t e r  H P T  d e f o r m a t i o n  [ 9 5 ] .    
F i g . 5  S E M  i m a g e s  o f  a  H P T  p r o c e s s e d  Z r - 4 0 w t % C u  
m e t a l l i c  g l a s s  c o m p o s i t e  a t  d i f f e r e n t  s h e a r  s t r a i n s :  ( a )  
s h e a r  s t r a i n  3 0 ,  ( b )  6 0 ,  ( c )  1 2 0 ,  ( d )  2 5 0 ,  ( e )  5 7 0  a n d  ( f )  
8 5 0 .  T h e  m a g n i f i c a t i o n  i s  t h e  s a m e  i n  a l l  i m a g e s .  ( g )  B u l k  
Z r  m e t a l l i c  g l a s s  c o m p o s i t e s  o b t a i n e d  b y  H P T  p r o c e s s i n g  
[ 1 0 9 ] ,  i n  w h i c h  t h e  c h e m i c a l  c o m p o s i t i o n  i s  a d j u s t e d  b y  
d i s s o l v i n g  C u  i n t o  t h e  Z r - m e t a l l i c  g l a s s  
( Z r 5 7 C u 2 0 A l 1 0 N i 8 T i 5 ) .  T h e  e x t e n s i v e  r a n g e  o f  p o s s i b l e  
c o m p o s i t i o n s  i s  m a r k e d  b y  t h e  r e d  b a c k g r o u n d e d  f i e l d .  
I n  X ,  a l l  e l e m e n t s  o f  t h e  m e t a l l i c  g l a s s  e x c e p t  C u  a n d  Z r  
a r e  s u m m e d  u p .  T h e  c o l o r e d  d a t a  p o i n t s  c o r r e s p o n d  t o  
c h e m i c a l  c o m p o s i t i o n  o f  b u l k  m e t a l l i c  g l a s s e s  f r o m  
l i t e r a t u r e  ( p l e a s e  r e f e r  t o  [ 1 0 9 ]  f o r  d e t a i l s ) .  
F i g . 6 :  A P T  r e c o n s t r u c t i o n  s h o w i n g  t h e  e l e m e n t a l  
d i s t r i b u t i o n  o f  o n l y  1 %  o f  a l l  C o ,  C r ,  F e ,  M n  a n d  N i  i o n s ,  
b u t  a l l  d e t e c t e d  C r O  a n d  O  i o n s  i n  t h e  a s - d e f o r m e d  s t a t e  
[ 1 2 1 ] .   
F i g . 7  L i g h t  m i c r o g r a p h  i m a g e s  o f  c r o s s - s e c t i o n s  o f  t h e  
h o t - p r e s s e d  c o a t e d  p o w d e r  ( a )  a n d  t h e  h o t - p r e s s e d  
p o w d e r  m i x t u r e  ( b ) .  T h e  o v e r l a y  i l l u s t r a t e s  E D X  
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m e a s u r e m e n t  a r e a s  w i t h  t h e  c o l o r  i n d i c a t i n g  t h e  
m e a s u r e d  C u  c o n t e n t s  i n  w t . %  i n  e a c h  a r e a  [ 1 2 3 ] .  
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F i g . 1  T K D  i m a g e s  o f  C o 2 8 w t . % - C u  ( a ) ,  C o 4 9 w t . % - C u  
( b ) ,  a n d  C o 6 7 w t . % - C u  ( c )  i n  t h e  a s - d e f o r m e d  s t a t e .  
I n  ( d ) ,  c o e r c i v i t y  a n d  s a t u r a t i o n  m a g n e t i z a t i o n  a r e  
p l o t t e d  f o r  t h e  d i f f e r e n t  C o  c o m p o s i t i o n s .  T h e  g r e y  
d o t t e d  l i n e  i n d i c a t e  t h e  m a g n e t i c  m o m e n t  o f  F C C - C o  
[ 6 0 ] .  
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F i g . 2  ( a )  S T E M - H A A D F  i m a g e  s h o w i n g  t h e  
m i c r o s t r u c t u r e  o f  t h e  H P T  d e f o r m e d  A l – 5 . 4 w t %  
C e - 3 . 1 w t %  L a  a l l o y  w i t h  a  s m a l l  p a r t i c l e  o n  a  g r a i n  
b o u n d a r y .  T h e  E D S  l i n e  p r o f i l e  a n a l y s i s  a l o n g  t h e  
g r a i n  b o u n d a r y  ( i n d i c a t e d  b y  t h e  r e d  a r r o w )  
i n d i c a t e s  C e  a n d  L a  s e g r e g a t i o n .  ( b )  H i g h  r e s o l u t i o n  
H A A D F  S T E M  i m a g e  i n  [ 0 0 1 ]  z o n e  a x i s  o f  t h e  A l  
m a t r i x .  T h e  a t o m i c  c o l u m n ,  w h i c h  a r e  s i g n i f i c a n t l y  
b r i g h t e r  t h a t  t h e  a v e r a g e  a r e  s u g g e s t e d  t o  c o n t a i n  a t  
l e a s t  o n e  r a r e  e a r t h  a t o m  [ 7 9 ] .  ( c )  T r a n s i t i o n  
t e m p e r a t u r e  f o r  s u p e r c o n d u c t i v i t y  T c  a s  f u n c t i o n  o f  
s h e a r  s t r a i n  a n d  a n n e a l i n g  t i m e  [ 8 1 ] .  
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F i g . 3  D i f f e r e n t  m i c r o s t r u c t u r a l  s t a t e s  d u r i n g  
f a b r i c a t i o n  o f  C u - A g  p o r o u s  m a t e r i a l  b y  H P T  [ 8 4 ] .  
( a )  S E M  m i c r o g r a p h  o f  t h e  i n i t i a l  C u - F e - A g  m a t e r i a l .  
( b )  B r i g h t  f i e l d  T E M  m i c r o g r a p h  o f  t h e  m a t e r i a l  a f t e r  
H P T  d e f o r m a t i o n .  ( c )  B r i g h t  f i e l d  T E M  m i c r o g r a p h  
a f t e r  h e a t  t r e a t m e n t  a t  4 0 0 ° C  f o r  1 h .  ( d )  B r i g h t  f i e l d  
T E M  m i c r o g r a p h  a f t e r  h e a t  t r e a t m e n t  a t  6 0 0 ° C  f o r  1 h .  
( e )  S E M  m i c r o g r a p h  o f  t h e  C u - A g  p o r o u s  m a t e r i a l .   
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F i g . 4  ( a )  H i g h - r e s o l u t i o n  H A A D F  l a t t i c e  i m a g e  a n d  
c o r r e s p o n d i n g  E D S  m a p p i n g s  o f  M g - b a s e d  
n a n o c l u s t e r s  a t  t h e  h i g h e s t  a m o u n t  o f  s t r a i n .  ( b )  
H y d r o g e n a t i o n  k i n e t i c s  a f t e r  H P T  d e f o r m a t i o n  [ 9 5 ] .    
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F i g . 5  S E M  i m a g e s  o f  a  H P T  p r o c e s s e d  Z r - 4 0 w t % C u  
m e t a l l i c  g l a s s  c o m p o s i t e  a t  d i f f e r e n t  s h e a r  s t r a i n s :  
( a )  s h e a r  s t r a i n  3 0 ,  ( b )  6 0 ,  ( c )  1 2 0 ,  ( d )  2 5 0 ,  ( e )  5 7 0  
a n d  ( f )  8 5 0 .  T h e  m a g n i f i c a t i o n  i s  t h e  s a m e  i n  a l l  
i m a g e s .  ( g )  B u l k  Z r  m e t a l l i c  g l a s s  c o m p o s i t e s  
o b t a i n e d  b y  H P T  p r o c e s s i n g  [ 1 0 9 ] ,  i n  w h i c h  t h e  
c h e m i c a l  c o m p o s i t i o n  i s  a d j u s t e d  b y  d i s s o l v i n g  C u  
i n t o  t h e  Z r - m e t a l l i c  g l a s s  ( Z r 5 7 C u 2 0 A l 1 0 N i 8 T i 5 ) .  T h e  
e x t e n s i v e  r a n g e  o f  p o s s i b l e  c o m p o s i t i o n s  i s  m a r k e d  
b y  t h e  r e d  b a c k g r o u n d e d  f i e l d .  I n  X ,  a l l  e l e m e n t s  o f  
t h e  m e t a l l i c  g l a s s  e x c e p t  C u  a n d  Z r  a r e  s u m m e d  u p .  
T h e  c o l o r e d  d a t a  p o i n t s  c o r r e s p o n d  t o  c h e m i c a l  
c o m p o s i t i o n  o f  b u l k  m e t a l l i c  g l a s s e s  f r o m  l i t e r a t u r e  
( p l e a s e  r e f e r  t o  [ 1 0 9 ]  f o r  d e t a i l s ) .  
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F i g . 6  A P T  r e c o n s t r u c t i o n  s h o w i n g  t h e  e l e m e n t a l  
d i s t r i b u t i o n  o f  o n l y  1 %  o f  a l l  C o ,  C r ,  F e ,  M n  a n d  N i  
i o n s ,  b u t  a l l  d e t e c t e d  C r O  a n d  O  i o n s  i n  t h e  
a s - d e f o r m e d  s t a t e  [ 1 2 1 ] .   
59 
 
 
 
F i g . 7  L i g h t  m i c r o g r a p h  i m a g e s  o f  c r o s s - s e c t i o n s  o f  
t h e  h o t - p r e s s e d  c o a t e d  p o w d e r  ( a )  a n d  t h e  
h o t - p r e s s e d  p o w d e r  m i x t u r e  ( b ) .  T h e  o v e r l a y  
i l l u s t r a t e s  E D X  m e a s u r e m e n t  a r e a s  w i t h  t h e  c o l o r  
i n d i c a t i n g  t h e  m e a s u r e d  C u  c o n t e n t s  i n  w t . %  i n  e a c h  
a r e a  [ 1 2 3 ] .  
60 
 
 
G r a p h i c a l  a b s t r a c t  
 
 
 
 
